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Carbon tetrachloride (CCl4) and chlorophenols – with their wide spread industrial use as 
solvent and biocidal agents - are frequently discharged with industrial effluents. Together 
with the primary organic wastes, these industrial wastewaters are often treated by the 
single phase anaerobic process. Although the process is very effective in degrading both 
the primary and chlorinated organics, there is a serious shortcoming during the operation. 
The process often suffers from instability due to the methanogens’ sensitivity to pH 
fluctuation, volatile fatty acids (VFA) accumulation and to the presence of CCl4 and 
chlorophenols even at low concentrations. During the simultaneous degradation of the 
primary and the chlorinated organics, the dechlorination process needs to proceed quickly 
in order to prevent accumulation of the chlorinated compounds. Failing this, the 
methanogens may be inhibited and will lead to VFA accumulation and decrease in pH. 
The methanogenic and dechlorination process will then fail and thereafter the reactor may 
take several months to recover. 
 
To overcome the instability of the process, this study proposed the separation of the 
anaerobic process into acidogenesis and followed by methanogenesis with the aim of 
utilizing the acidogenic phase to dechlorinate the chlorinated compounds into less 
inhibitory metabolites. Several studies have already reported on the dechlorination of 
chlorinated compounds such as tetrachloroethylene and carbon tetrachloride under 
acidogenic condition while others suggested that dechlorination of chlorophenols under 
acidic condition is not feasible. Such contradictory findings may have been due to 
different dechlorination mechanisms for chlorophenols and other forms of chlorinated 
 x
compounds under acidic conditions, different startup procedures and biochemical 
environments. Therefore, this study’s objective is to determine the degradability of such 
compounds under acidic conditions and the operating conditions favourable for such 
dechlorination.  
 
Reductive dechlorination under acidogenic condition has been shown to be possible for 
CCl4, 2,4,6-trichlorophenol (2,4,6-TCP) and pentachlorophenol (PCP) in this study. This 
is contrary to studies reporting that reductive dechlorination of chlorophenols could not 
proceed or was inhibited at acidic condition. However, dechlorination of the chlorinated 
compounds under acidic condition relies strongly on the ability to enrich the desired 
microorganisms or providing the necessary metabolic condition. 
 
Biodegradability of CCl4 differed from that of 2,4,6-TCP and PCP. CCl4 was degraded to 
dichloromethane without the need for acclimation and its adsorption onto the biomass 
was minimal. Dechlorination was strongly coupled with glucose fermentation with 
dechlorination rate slowing down drastically when the primary to chlorinated organic 
ratio fell below 128 M/M. 2,4,6-TCP and PCP were not degraded at all under the same 
condition.  
 
At times when the chlorophenols were not dechlorinated, they were still removed from 
the wastewater stream via adsorption onto the acidogenic sludge. Biomass adsorption was 
predominantly governed by the pH of the solution which affected both the absorbate and 
absorbent. Chlorophenols existed in their molecular form under acidogenic conditions - 
 xi
pH of 5.0 to 5.5 - while cell surfaces were  more hydrophobic, with less electronegative 
surface charge as compared to neutral pH conditions. All these factors lead to enhanced 
adsorption at acidogenic condition.  
Dechlorination of 2,4,6-TCP to 4-chlorophenol under acidogenic conditions was only 
successfully induced by manipulating the start-up procedure of the acidogenic sequencing 
batch reactor. A stepwise pH reduction of 0.5 units per week from neutral to acidic level 
of 5.8 during start-up was crucial for enriching 2,4,6-TCP dechlorinating bacteria 
responsible for inducing dechlorination. Once induced, dechlorination can proceed at pH 
as low as 5.6 before inhibition of 2,4,6-TCP dechlorination occurred. pH for highest 
dechlorination rate ranged from 6.0 to 6.3. High primary to chlorinated organics ratio that 
had previously aided CCl4 dechlorination failed to induce dechlorination. Instead, 
dechlorination occurred at primary to chlorinated organics ratios of less than 103 M/M.  
 
It was also found that the PCP and 2,4,6-TCP had similar dechlorination mechanisms for 
the removal of the chloro functional group at the ortho position. Both also required 
similar operating conditions in terms of pH and primary to chlorinated organics ratio. 
Due to their similarity, there was competition in the dechlorination process between 
2,4,6-TCP and PCP. PCP, with its higher hydrophobicity and higher energy yield, was 
preferentially adsorbed and degraded as compared to 2,4,6-TCP. However, PCP, due to 
its toxicity, by itself was unable to induce dechlorination during the startup phase unlike 
2,4,6-TCP. PCP dechlorination rate was approximately 21 times slower than 2,4,6-TCP 
dechlorination. This was likely due to the inhibition by the PCP degradation metabolites - 
3,4,5-TCP - on the dechlorination process. 
 xii
Overall, the acidogenic phase was proven to be effective in the dechlorination of the 
tested chlorinated organics. Acidogenic biotreatment was shown to be a viable initial 
pretreatment process for these chlorinated compounds to prevent subsequent inhibition on 
the methanogenic process or even the aerobic process thus leading to an overall more 
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Chapter 1  
Introduction  
1.1 Background  
Chlorinated organic compounds are among the most toxic and largest groups of 
hazardous chemicals found in the environment. Since the early 20th century, when 
industrial production of chlorinated organic compounds begun, these compounds have 
been increasingly found to persist in a range of environments like lakes, rivers, 
groundwater systems, sediments and soils (Stringer and Johnston 2001). They persist in 
the environment because they are inherently resistant to both chemical and biological 
degradation; which is also the reason for their widespread use in industry. Besides being 
persistent in the environment, their acute and chronic toxicity poses a serious threat to 
human health especially when potable water supplies are contaminated. Hence, the 
United States’s Environmental Protection Agency (US EPA) has very stringent water 
quality standards for these pollutants with almost half of the 121 hazardous compounds in 
the U.S. EPA priority pollutant list belonging to the class of chlorinated organic 
compounds (EPA 2001). The major sources include industrial effluents where chlorinated 
compounds were generated as waste during their synthesis, their use as chemical 
intermediates, and as solvent waste. In an attempt to reduce the release of such 
chlorinated compounds, treatment of these polluted effluent streams before their 
discharge is of paramount importance. 
  
Today, anaerobic biotreatment is one of the most widely used process for the treatment of 
industrial wastewaters containing both primary organics such as carbohydrates, proteins, 
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fatty acids and highly chlorinated organics (Speece 1996). The reason for anaerobic 
biotreatment’s wide usage is because the process can be cost competitive in terms of its 
lower sludge handling and energy requirements compared to aerobic process. An end-
product of the anaerobic process, methane, (CH4) can be used as fuel for the generation 
of electricity and hence supplementing the energy needs of a treatment plant. 
Furthermore, highly chlorinated organic compounds which have a higher carbon 
oxidation state (Dolfing 2003) compared to its non-chlorinated analog are more 
susceptible to dechlorination in a reducing environment (Armenante et al. 1999).  
 
Despite these advantages, there are severe limitations that have plagued the operation of 
anaerobic reactors. The process can be unstable and any form of disturbance such as a 
surge in loadings, pH fluctuation and the presence of inhibitory compounds can easily 
upset it, leading to process failure. It will thereafter require many months before the 
process can recover due to the methanogens’ slow growth rates. As a process fails, 
volatile fatty acids (VFAs) accumulates, carbon dioxide (CO2) gas composition will 
increase and thus causing the decrease in pH if the reactor system has insufficient 
alkalinity, resulting in the decline in methane formation (Speece 1996; Rittmann and 
McCarty 2001; IWA 2002) This is mainly due to a need to maintain a delicate balance 
between two distinct groups of microorganisms – fermentative and methane forming 
microorganisms in the anaerobic system which differ widely in terms of physiology, 
nutritional needs, growth kinetics and sensitivity to environmental conditions (Demirel 
and Yenigun, 2002). Methanogens were often reported to be the weak link in the 
anaerobic process where they are more sensitive to perturbation in operating conditions 
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and to the presence of inhibitory compounds than fermentative bacteria (IWA 2002). The 
problem can be further aggravated by the presence of chlorinated compounds which are 
highly inhibitory. Methanogens are very sensitive to such pollutants even at low 
concentrations and this can cause methanogenic activities to decrease drastically (Speece 
1996).   
 
Thus, in recent years, to avoid the problem of process instability due to the methanogens’ 
sensitivity to potentially inhibitory compounds, the two-phase anaerobic system for 
treatment of such compounds has been advocated by several researchers (Qu and 
Bhattacharya 1996; Ng et al. 1999; Demirel and Yenigun 2002; Yu and Hwang 2003). 
Their key idea is to limit the exposure of the methanogens to high loads of the inhibitory 
compounds and to allow the initial acidogenic phase to biotransform the inhibitory 
compounds to more amenable metabolites for the methanogenic phase. By doing so, it 
optimizes both the growth of the acidogens at pH 5.0 to 6.0 and the methanogens at pH 
7.0 to 8.0 in two separate reactors and this reduces the loading of the inhibitory 
compounds on the more sensitive methanogens. Acidogens, in most cases, are known to 
be more resistant to inhibition imposed by the inhibitory organics such as acrylic acid, 
nitroaromatic compounds, polyaromatic hydrocarbon found in coke wastewaters and 2,4-
dichlorophenoxyacetic acid (Qu and Bhattacharya 1996; Ng et al. 1999; Demirel and 
Yenigun 2002; Chin et al. 2005; Yu and Hwang 2003). 
 
However, it has been reported that acidogenic reactors treating PCP were not successful 
at pH 6.0 (Piringer and Bhattacharya 1999). The PCP could not be dechlorinated to less 
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chlorinated compounds and glucose fermentation was severely inhibited even at a low 
PCP dosage (Piringer and Bhattacharya 1999). Current scientific understanding on 
reductive dechlorination at neutral pH and methanogenic condition has indicated that 
optimum dechlorination activity occurred at neutral to slightly alkaline pH. At acidic pH 
of less than 6.5, dechlorination activity will be strongly inhibited for both mixed and pure 
cultures (Armenante et al. 1993; Villemur et al. 2006). For example, dechlorination 
activities by Desulfitobacterium sp. were either inhibited or ceased at acidic pH of 6.0 
and below (Armenante et al. 1993; Villemur et al. 2006). For other known PCE, TCE-
dechlorinating microorganisms such as Dehalococccides sp., their optimum pH for 
growth were also reported to be at neutral pH (Maymo-Gatell et al. 1997; Holscher et al. 
2003; Loffler et al. 2003).  
 
Although the optimum pH for dechlorination has been well documented, there are some 
reports suggesting that reductive dechlorination under acidic condition seemed possible. 
Chin et al. (2005) investigated 2,4-dichlorophenoxyacetic acid degradation at acidogenic 
conditions of pH 4.5 to 5.0, and 2,4-dichlorophenoxyacetic acid degradation occurred 
after an acclimation period of 100 days. The fastest dechlorination rate for CCl4 was 
reported at fermentative condition rather than at methanogenic condition (Boopathy, 
2002). Recently, Kelley and Farone (2007) reported when yeast extract and lactate were 
fed to an inoculum of enriched mixed culture containing Dehalococcides sp. (Bio-
Dechlor INOCULUM )® , the culture had high initial growth rate at pH 7 while the 
Trichloroethylene (TCE) -dechlorination rate was negligible. This was due to the 
fermentation of lactate which led to the decrease of pH to 4. While the growth rate of the 
microbes dropped and pH increased, the TCE-dechlorinating activity resumed. These 
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different reports on effects of pH on dechlorination may be the result of numerous factors 
such as culture enrichment procedures, differences in the chlorinated compounds’ 
chemical structure (aliphatic and aromatic) and the process environment which, for 
instances, might lack suitable electron donors. The reasons for the conflicting reports 
have not yet been resolved and the uncertainty is compounded by the relative lack of 
focused study on reductive dechlorination under acidogenic condition.  
 
1.2 Problem statement 
The literature has conflicting reports with regards to the dechlorination of chlorinated 
compounds under acidogenic environment under acidic conditions. While there are 
several field data from PCE-TCE contaminated subsurface indicating that PCE and TCE 
dechlorination can occur under acidic conditions (Kelley and Farone 2007), studies on 
chlorophenolic compounds dechlorination at acidic pH has been limited (Piringer and 
Bhattacharya 1999; Chin et al. 2005). In addition, there has been no systematic evaluation 
of the reasons for the failure of dechlorination of chlorophenols under acidic condition. 
Therefore this thesis aims to determine the factors that govern dechlorination of 
chlorophenols under acidogenic condition. The findings from this study will be useful for 
environmental engineers in applying the acidogenic biotreatment technology for the pre-
treatment of chlorophenolic compounds. The findings will also represent a significant 
scientific advancement in the development of the two-phase anaerobic concept for the 
pre-treatment of refractory and potentially inhibitory compounds and resolve the process 
instability problem currently faced by the conventional anaerobic process.   
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1.3 Objectives  
The overall objective of this thesis is to induce dechlorination of chlorophenols under 
acidogenic condition ranging from pH 5.0 to 6.5. CCl4 and chlorophenols were chosen as 
the model compounds due to their toxicity to human health, and this also enables 
investigation of the effect of different chemical structures on the dechlorination 
mechanisms. The scopes of studies were as followed:  
1) Determine the factors and conditions required to induce dechlorination of CCl4 
and chlorophenols under acidogenic condition;  
2) Elucidate the mechanism of dechlorination for CCl4 and chlorophenols under 
acidogenic condition; and 
3) Determine the extent of chlorophenols adsorption on to acidogenic biomass   
 
1.4 Organization of the thesis  
This thesis is divided into the following chapters, each defining a specific area of study 
that contributed to meeting the overall objective. Each chapter will contain individual 
materials and methods, results and discussion section specific to the area of study. 
 
Chapter 2 - Literature Review 
The literature review chapter surveys the current scientific understanding on degradation 
of chlorinated compounds in an anaerobic process. The problem of process instability 
during the treatment of both primary organics (such as carbohydrates) and chlorinated 
organics using the single phase anaerobic process is highlighted. The advantage of using 
the acidogenic phase as a possible pretreatment process for the persistent and inhibitory 
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chlorinated compounds is discussed and the process is proposed as a solution to 
methanogens sensitive to chlorinated compounds  
 
Chapter 3 - Evaluation of biodegradation potential of Carbon Tetrachloride and 
Chlorophenols under acidogenic condition  
Chapter 3 evaluates the biodegradation potential of 2 separate classes of chlorinated 
compounds, namely carbon tetrachloride (aliphatic) and chlorophenols (aromatic), under 
acidogenic conditions. The compounds had different fates in the acidogenic process; 1) 
carbon tetrachloride was dechlorinated to dichloromethane where the dechlorination 
process was strongly coupled with the fermentation process; but 2) chlorophenol was 
removed from the system only via adsorption.  
 
Chapter 4 - Biomass sorption of Chlorophenols under acidogenic condition  
Chapter 4, the factors affecting the adsorption phenomenon of phenol and chlorophenol 
was further investigated. It was found that the adsorption was governed primarily by the 
pH of the solution. The pH affected the protonation/deprotonation of the chlorophenolic 
compound and the surface properties of the acidogenic biomass. This led to enhanced 
adsorption of chlorophenols with decreasing pH.  
 
Chapter 5 - Acidogenic sequencing batch reactor start-up procedures for induction 
of 2,4,6-Trichlorophenol dechlorination  
Chapter 5 describes the attempts to induce 2,4,6-TCP dechlorination under acidogenic 
condition by manipulating the startup procedure. It was found the initial inability to 
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dechlorinate chlorophenol (Chapter 3), was due to an in-appropriate startup procedure. A 
stepwise reduction of pH from 7.5 to 5.8 and a reduced sucrose over 2,4,6-TCP feed ratio 
were the key factors in successful induction of dechlorination.  
 
Chapter 6 - Pentachlorophenol dechlorination by an acidogenic sludge 
Chapter 6 further investigates the biodegradation potential of other chlorophenol isomers 
especially the most toxic form – PCP. For PCP, in addition to a proper startup procedure 
of stepwise reduction in pH during acclimation, it required the acidogenic sludge to 
acclimate to lower order chlorophenol - 2,4,6-TCP - before PCP could be degraded. Only 
ortho position dechlorination was possible under acidogenic condition. Unlike the 
dechlorination of 2,4,6-TCP, PCP have a very slow degradation rate and the removal of 
PCP was partly attributed to adsorption.  
 
Chapter 7 - Conclusion and Recommendations   
The last chapter draws comparisons among the tested compounds and the factors in 
enhancing dechlorination. The different mechanisms involved in the dechlorination of 
CCl4, 2,4,6-TCP and PCP are discussed as well as implications on the actual operation of 








Literature review  
2.1  Chlorinated Organic Compounds – An Environmental Problem 
Since the discovery of chlorinated compounds (for instance aliphatic compounds such as 
carbon tetrachloride, (CCl4), Tetrachloroethylene (PCE); and aromatic compounds such 
as chlorophenols, polychlorinated biphenyls) in early 20th century, their production for 
use in industry and agriculture had increased tremendously (Häggblom and Bossert 2003). 
They are extensively used as solvents, degreasing agents, biocides, pharmaceuticals, 
plasticizers, hydraulic, heat transfer fluids and intermediates for chemical synthesis. Such 
high usage resulted in huge amount of chlorinated organic wastes being generated and 
discharged into industrial wastewater streams (Häggblom and Bossert 2003).  
 
Two classes of chlorinated compounds require special attention owing to their acute 
toxicity, their high volume of production and their frequent occurrence in industrial 
wastewaters. They are, namely, the chlorinated aliphatic compounds (CCl4, PCE and 
Trichloroethylene) and the chlorinated aromatic compounds (chlorophenols and 
chlorobenzenes). These compounds have high annual productions; typically exceeding 
450 tonnes per year in the United States alone (Scorecard 2005) and because of their 
toxicity, they have been included in the priority pollutants list by US EPA (EPA 2001). 
The agency’s water quality standards for human health has one of the most stringent 
standards for CCl4, 2,4,6-TCP and PCP as shown in Table 2.1 (EPA 2001). Under the 
hazardous materials ranking system developed by Scorecard, CCl4, 2,4,6-TCP and PCP 
are ranked among the most hazardous compounds - worst 10 % - to ecosystems and 
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human health (Scorecard 2005). As a consequence, CCl4 and chlorophenols have been 
selected as subjects for evaluating dechlorination under acidogenic condition.      
 
Table 2.1 List of chlorinated organic compounds that have high production and 
their respective quality criteria for human consumption set by US EPA (2001) 
 
Maximum concentrations for human 
consumption (μg/L) Pollutant Name Water & 
organism  Organism 
Maximum 
contaminant level 
1,1,2,2-Tetrachloroethane 0.17 11 - 
Carbon Tetrachloride 0.25 4.4 5 
Pentachlorophenol 0.28 8.2 1 
Tetrachloroethylene 0.8 8.85 5 
2,4,6-Trichlorophenol 2.1 6.5 - 
Trichloroethylene  2.7 81 5 
Chloroform 5.7 470 100#
1,2,4-Trichlorobenzene 260 940 5 
Chlorobenzene 680 21000 100 
# Inclusive of total halogenated methane 
 
2.1.1 Physical properties and toxicity of carbon tetrachloride and chlorophenols 
CCl4 is produced by the chlorination of hydrocarbons from chlorinated hydrocarbons or 
carbon disulphide, and by oxychlorination of hydrocarbons (Stringer and Johnston 2001). 
CCl4, due to its hydrophobicity (Table 2.2) and low melting and boiling point, is 
commonly used as a solvent for hydrophobic organic compounds such as oils, fats and 
lacquers; and thus it is chiefly used in cleaning operations. Hence, CCl4 is a widely 
reported contaminant in industrial effluents. 
 
In the case of chlorophenols, they are produced by the direct chlorination of phenol using 
a variety of catalysts and reaction conditions (Stringer and Johnston 2001). They are 
mainly used as biocidal agents, particularly PCP, in pesticide and wood protection, for 
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example, 2,4,6-TCP is used in the preparation of the fungicide, prochloraz; and PCP was 
registered as an insecticide and found in wood preserving solutions. Although 
chlorophenols are hydrophobic in nature, they form negatively-charged phenolate under 
neutral pH conditions (Table 2.2). This greatly enhances their solubility in water and 
results in high mobility in the environment.  
 
Table 2.2 Physical properties of the tested chlorinated organics and some of the 
possible dechlorination metabolites 
Water solubility 
limit3 (mg/L) Compounds Molecular weight 
Log 
Kow1
Henry’s law  
constants at 25 oC2




84.93 1.30 2.2 x 10-3 N.A. 13,000 - 
Chloroform 
(CHCl3) 
119.38 1.93 3.7 x 10-3 N.A. 8200 - 
Carbon tetrachloride 
(CCl4) 
153.82 2.73 3.0 x 10-2 N.A. 800 - 
2-Chlorophenol 
(2-CP) 128.56 2.15 8.3 x 10
-6 22,700 23,380 8.5 
4-Chlorophenol 
(4-CP) 128.56 2.42 N.A. 27,000 27,000 9.4 
2,4-Dichlorophenol 
(2,4-DCP) 163.00 3.23 6.7 x 10
-6 4,600 5,200 7.9 
2,4,6-Trichlorophenol 
(2,4,6-TCP) 197.45 3.38 7.1 x 10
-6 400 2,740 6.0 
2,3,4,5-Tetrachlorophenol 
(2,3,4,5-TeCP) 231.89 4.31 1.4 x 10
-6 125 2,611 5.6 
Pentachlorophenol 
(PCP) 266.34 5.01 9.1 x 10
-5 21 1,380 4.5 
1 Coefficient of octanol-water partition coefficient of chlorinated aliphatic hydrocarbons 
and chlorophenols obtained from Schwarzenbach et al. (1993) and Kennedy et al. (1992) 
respectively. 2 Data obtained from Gossett (1987) and Sander (1999). 3 Chlorophenols 
solubility limits at 25 oC were obtained from Ma et al. (1993) and Achard et al. (1996) 
while chlorinated aliphatic hydrocarbon solubility limit at 20 oC were obtained from 






Toxicology studies of CCl4, 2,4,6-TCP and PCP have shown that they are potentially 
harmful to humans. CCl4 is known to cause cancer in animals and humans, and is 
classified under Group 2B carcinogen (possibly carcinogenic to humans) by the 
International Agency for Research on Cancer (Stringer and Johnston 2001). High 
exposure to CCl4 can also cause damage to the central nervous system, liver and kidney. 
Meanwhile, PCP and 2,4,6-TCP are known to have teratogenic and carcinogenic effects 
(Stringer and Johnston 2001). They are easily absorbed by the lungs, skin and 
gastrointestinal tract. In addition, PCP is an endocrine disruptor and is known to disrupt 
thyroid function in sheep (Beard and Rawlings 1999).  
 
2.2 Biological Treatment of Chlorinated Organics  
Biological treatment of CCl4 and chlorophenol-contaminated wastewater is currently the 
most economical treatment technology available for use by environmental engineers. The 
main reason for treating CCl4 and chlorophenols-contaminated wastewater biologically is 
due to the presence of primary organics - very often at much higher concentrations 
compared to the chlorinated compounds - in the wastewater (Breton et al. 1988; Speece 
1996). The biological system allows simultaneous degradation of primary organics and 
chlorinated compounds and hence eliminates the need for a separate process for either 
primary organics or chlorinated compounds. 
 
Biological treatment can be either aerobic or anaerobic or combination thereof. These 
processes have successfully demonstrated their capability in removing chlorinated 
compounds (Chaudhry and Chapalamadugu 1991).The mechanisms for biological 
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degradation of chlorinated compounds are linked to the reduction and oxidation potential 
in a biological reactor. In an aerobic process, oxygenolytic dechlorination generally 
dominates where chlorine substituent is replaced by a hydroxyl group derived from 
oxygen ((Holliger et al. 1998; Janssen et al. 2003). This reaction can be catalyzed by 
oxygenase enzymes which are produced during metabolism of primary organics. 
However, these enzymes are only induced by the primary organics and often, chlorinated 
compounds had to compete with the former, leading to a reduction in the degradation of 
chlorinated compounds (Janssen et al. 2003).  In some cases, chlorinated organics were 
oxidized to serve as a carbon and energy source for the aerobes, the carbon and halogen 
bonds need to be cleaved before the carbon backbone can be accessed; this means that 
highly chlorinated compounds are more difficult to be oxidized than less chlorinated 
compounds (Bossert et al. 2003). Comparing the changes in Gibb’s free energy of 
formation of chlorophenols showed that less chlorinated chlorophenols have higher 
energy yield compared to highly chlorinated chlorophenols under aerobic condition 
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Figure 2.1 Gibbs free energy of formation of chlorophenols under aerobic and 
anaerobic reaction- summarized from Dolfing (2003). Oxygen and carbon dioxide 
are used as the final electron acceptor in the calculation of Gibbs free energy of 
formation of chlorophenols for aerobic and anaerobic condition respectively.  
 
For highly chlorinated compounds, a lot of studies have observed that an anaerobic 
condition is more effective in degrading the contaminants (Chaudhry and 
Chapalamadugu 1991; Mohn and Tiedje 1992; Loffler et al. 2003). Reductive 
dechlorination in which replacement of the chlorine substituent is by hydrogen instead of 
oxygen, is the most observed mechanism of dechlorination in an anaerobic environment. 
The degree of chlorination played an important role in the reactivity. The Gibbs free 
energy of formation calculation for varying number of chlorine substituent in 
chlorophenols under anaerobic condition listed in Figure 2.1 indicate that the amount of 
energy of available to anaerobic process increases with degree of chlorination (Dolfing 
2003).    
 14
2.3 Anaerobic Process   
Anaerobic process is known to have a lower sludge production and energy requirement 
and is capable of generating useful gases of high caloric values as compared to the 
aerobic biotreatment (McCarty and Smith 1986). In addition, anaerobic process is also 
able to remove higher organic loads typically encountered in industrial wastewaters 
compared to aerobic process which suffers from oxygen mass transfer limitation. These 
advantages have thus led to numerous studies in anaerobic biodegradation of both 
primary organics and highly chlorinated compounds.  
 
The anaerobic process has, however, drawbacks such as process instability and long 
recovery periods are needed after any process upset (Speece 1996; IWA 2002). This 
process instability is due to the complex mechanisms involved in the conversion of the 
primary organics into CH4.  
 
In a conventional anaerobic process treating primary organics, there are four major 
metabolic processes, namely 1) hydrolysis, 2) acidogenesis, 3) acetogenesis and 4) 
methanogenesis as illustrated in Figure 2.2 (McCarty and Smith 1986). Typically, 
complex organic compounds are hydrolyzed to simpler primary organic compounds such 
as carbohydrates and amino acids. During the acidogenic phase, simple carbohydrates are 
metabolized by fermentative bacteria to produce volatile fatty acids (VFAs) and 
hydrogen (H2) as the dominant intermediates products. Higher order VFAs such as 
propionic, butyric and valeric acid are further fermented to acetic acid and H2 by the 
acetogenic bacteria. H2 and acetic acid are subsequently used by methanogens for 
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conversion into methane. H2 is used as electron donor with CO2 as the electron acceptor 
to form methane by the H2-utlizing methanogens. While acetic acid is cleaved to form 
methane from the methyl group and CO2 from the carboxyl group in a fermentation 
reaction by the aceticlastic methanogens (IWA 2002; Rittmann and McCarty, 2001).  
 
During the startup or operation of the reactor, pH control in an anaerobic treatment is 
critical, as the desired pH range for maintaining methanogenic activity is quite narrow, 
ranging from 6.5 to 7.6 (IWA 2002; Rittmann and McCarty 2001; Speece 1996). Due to 
the production of organic acids and high percentage of CO2 in the digester gas, these 
compounds tend to depress the reactor pH if there is insufficient bicarbonate alkalinity to 
neutralize the acids produced. Therefore, parameters such as VFAs concentrations, pH, 
bicarbonate and total alkalinity are important performance indicators of an anaerobic 

























Figure 2.2 Anaerobic process: Simultaneous degradation of the primary and 
chlorinated organics. Adapted from McCarty and Smith (1986) 
 Note: Red arrow represents acidogenesis, Green arrow represents acetogenesis, Blue 
arrow represents reductive dechlorination and Black arrow represents methanogenesis. 
The black dotted line represents the phase separation between the acidogenic and 
methanogenic phase. HAc, HPr, HBu and HVc are abbreviations for acetic, propionic, 
butyric and valeric acids respectively   
 
2.3.1 Anaerobic process instability  
Process instability is the consequence of failure to maintain the delicate balance between 
the various groups of microorganisms in an anaerobic system. In order for an anaerobic 
system to convert the primary organics into CH4 and CO2 effectively, VFAs produced by 
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the acidogens must not be allowed to accumulate. To prevent VFA accumulation, the 
methanogens will need to utilize the VFAs quickly. However, researchers have found that 
the growth kinetics between acidogens and methanogens vary widely (IWA 2002). From 
Table 2.3, the specific growth rate and yield of acidogens were approximately 18 and 2.3 
times higher than the aceticlastic methanogens respectively. With such a high specific 
growth rate and yield, the acidogens will often outgrow the methanogens and could 
possibly produce VFAs faster than what the methanogens could consume. Therefore, 
once methanogens’ activity are inhibited either by perturbation in operating conditions 
such as temperature, pH, loading rates or presence of inhibitory substances, it will lead to 
accumulation of VFAs. Besides VFA accumulation, the CO2 percentage composition in 
the digester gas will also increase due to a decline in methane production. Increase in 
CO2 composition will result in higher amount of carbonic acid dissolved into the solution 
and causing further acidification of the anaerobic system. The increase in VFAs and CO2 
gas composition may not register as a drop in pH immediately if the buffer capacity of 
the anaerobic reactor is high. But once a pH drop is detected, the anaerobic process 
would have already been significantly inhibited (Rittmann and McCarty, 2001, IWA 
2002).  
  
The responses of acidogens and methanogens to pH decrease differ significantly. Lower 
pH will have a higher inhibitory effect on methanogens than acidogens because of the 
way the two groups of microorganisms generate energy. Methanogens generate energy by 
establishing a proton motive force across their membrane (Madigan et al. 2003). Under 
acidic conditions, volatile fatty acids, in its molecular form, can easily diffuse through 
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methanogens’ membrane and dissociate within the cell, resulting in the disruption of the 
established proton motive force (Henderson 1971). Methanogens, in response to the in-
equilibrium in proton gradient, must expend energy in order to maintain homeostasis and 
this leads to a lower amount of energy available for growth (IWA 2002). For acidogens, 
their energy generation mechanism is via substrate-level phosphorylation in which energy 
yield is dependent on the generation of ATP from the Ember-Meyerhoff pathway, thus 
the proton concentration would not have direct effect on the reaction (Madigan et al. 
2003). 
 
A pH drop will thus catalyze reactor failure by further inhibiting methanogens, and result 
in the further accumulation of VFAs and increase in CO2 composition which in turn 
causes a further drop in pH. The anaerobic reactor will eventually fail and turn “sour” 
whenever methanogens are inhibited either by a pH drop or potentially inhibitory 
compounds. In such situations, only the acidogens will proliferate and survive in the low 
pH condition. Because of this, “protecting” the methanogens from any form of inhibition 




Note: * Data summarized from IWA (2002). # H2 concentration was represented by the concentration of formate by the following 
equation: HCOOH → H2 + CO2
Table 2.3 Kinetic constants for the various groups of microorganisms in the anaerobic process* 
µmax (d-1) Yield (COD/COD) Ks (mg COD/L) Microorganisms Ave Lower Upper Ave Lower Upper Ave Lower Upper 
Sample 
size 
Acidogens  8.96 0.41 21.25 0.11 0.01 0.17 456 23 1280 7 
Acetogens (Valerate) 0.96 0.69 1.20 0.053 0.05 0.06 210 62 357 2 
Acetogens (Butyrate) 1.37 0.23 2.70 0.057 0.026 0.079 185 12 318 7 
Acetogens (Propionate) 0.97 0.02 2.68 0.045 0.019 0.089 334 30 1146 9 
Methanogens (aceticlastic) 0.49 0.047 1.406 0.048 0.025 0.076 229 11 930 15 






2.3.2 Inhibition of methanogenesis by chlorinated compounds  
Presence of chlorinated compounds together with the primary organics complicates the 
operation of an anaerobic reactor. Ideally, dechlorination process could aid in the 
prevention of the VFAs and H2 accumulation because reductive dechlorination process 
consumes VFAs and H2 as electron donors (Figure 2.1). Chlorinated organics will be 
dechlorinated to primary organics and ultimately metabolized to form CH4 or CO2. Such 
conversion has been well documented. PCP is known to be sequentially dechlorinated to 
phenol, and phenol is in turn metabolized to CH4 and CO2 (Wu et al. 1993; Kennes et al. 
1996; Yang et al. 2008). CCl4 also has a similar metabolic pathway - CCl4 is 
dechlorinated to form formate, carbon monoxide, CO2 and monochloromethane (de Best 
et al. 1999).   
 
However, long startup periods for anaerobic treatment of both primary organics and 
chlorinated organics were often reported (Wu et al. 1993; Majumder and Gupta 2007). It 
was found that the problem lies with the methanogens’ sensitivity to chlorinated 
compounds such as CCl4 and PCP. Table 2.4 lists the concentrations of CCl4, 2,4,6-TCP 
and PCP that will be inhibitory to methanogenesis. Aceticlastic methanogens are strongly 
inhibited - 30 to 50 % inhibition - even at low concentrations of CCl4 and PCP (33 µM). 
Hydrogen-utilizing methanogens in general are more robust with lesser inhibition with 





 Table 2.4 Inhibition of methanogensis by CCl4, 2,4,6-TCP and PCP 1
Inhibitor Concentration (µM) 





% Inhibition of 
H2-utilizing 
methanogens 
CCl4 32 30 325 33 
2,4,6-TCP 440 50 1266 50 
PCP 33 50 161 50 
1 Results summarized from Colleran et al. (1992) and Speece (1996) and inhibition is 
defined by reduction of total CH4 production with respect to the control with no 
chlorinated organics  
 
Unfortunately, it was determined that almost 70 % of the methane production produced in 
an anaerobic reactor came via the aceticlastic metabolic route (Zinder 1993) and the 
dominant methanogens in the anaerobic digester (about 90% and more) belongs to the 
family of aceticlastic methanogens (Karakashev et al. 2005). Since aceticlastic 
methanogens are more prone to inhibition by chlorinated compounds than 
hydrogenophilic methanogens, this leads to rapid accumulation of acetate and subsequent 
failure of the system (Yang and Speece 1986; Wu et al. 1993; Aulenta et al. 2002). 
Furthermore, when the pH drops, it will also affect the dechlorination process. Numerous 
studies on effect of pH on dechlorination found that acidic pH of 5.0 to 6.0 inhibited the 
dechlorination process and that the optimum pH for dechlorination is at slightly alkaline 
condition within the pH range of 7.0 to 8.0 (Armenante et al. 1993). A pH drop will 
therefore lead to the accumulation of chlorinated pollutants which will further inhibit the 
methanogenic process.  
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Although the anaerobic process is a proven technology for simultaneous treatment of 
both primary organics and highly chlorinated organics, it also suffers from process 
instability due to methanogens’ sensitivity to presence of potentially inhibitory 
chlorinated compounds. Therefore, the following solution was proposed to circumvent 
the problem of process instability due to the chlorinated compounds toxicity.  
 
2.4  Proposed solution  
The crux of this study aims to resolve the instability and unreliability of the single-phase 
anaerobic system in the treatment of chlorinated compounds. Here, we propose the 
separation of the anaerobic process into a two phase system – the acidogenic and the 
methanogenic phase and to develop an acidogenic process that is capable of reductive 
dechlorination. The pretreatment of chlorinated compounds by acidogenic process will 
prevent chlorinated compounds inhibition on subsequent methanogenic process (Figure 
2.2). This would ensure an overall good performance in treating both primary organics 
and chlorinated organics in terms of efficient conversion of the organics to CH4 and 
dechlorination of the chlorinated compounds. 
 
2.4.1 Phase separation of anaerobic process  
The idea of phase separation to minimize inhibition of the methanogens is not entirely 
new. Pohland and Ghosh (1971) first advocated such a phase separation for the anaerobic 
process for the treatment of primary organics. They reasoned that the separation of the 
conventional anaerobic process into acidogenic and methanogenic phases would allow 
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optimum growth of acidogens and methanogens. This will circumvent problem of pH 
inhibition in the methanogenic phase. 
 
The process of phase separation can be achieved by operating two reactors in series; the 
first reactor operating at pH of 5.0 to 6.0 and the second at pH 7.0 to 8.0. The first reactor 
received the wastewater as feed and its effluent would be the feed for the second reactor. 
Eventually, the first and second reactor will acclimate to the different pH environment 
and ultimately be dominated by acidogens and methanogens respectively.      
 
Studies have reported that the two-phase anaerobic system enjoyed better stability in 
terms of pH control and had higher methane yield (Demirel and Yenigun 2002). Usually, 
process failure when it occurred was a result of hydraulic and organic overloading 
leading to failure of the methanogenic reactor rather than the acidogenic reactor 
(Fongastitkul et al. 1994).  
 
Zhang and Noike (1991) reported that the 2-phase system was more stable to changes in 
pH than the one-phase system and it resulted in 2-10 times higher numbers of aceticlastic 
methanogens in the methanogenic phase of the 2-phase anaerobic digestion systems 
compared to the conventional single phase system. Ghosh et al. (2000) reported 18 % 
higher CH4 production and a better quality digester gas with a 13 % increased in the 
proportion of CH4 than samples obtained from a single phase, high rate system; both 
operating at the same HRT, organic loading rate and temperature in a pilot scale study. 
The main drawback of the application appears to be the cost and operational difficulties 
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associated with achieving and maintaining actual phase separation (Demirel and Yenigun 
2002). 
 
2.4.2 Acidogenic biotreatment of potentially inhibitory compounds 
While two-phase system was originally used for treating primary organics, in recent years, 
application of this phase separation concept has been extended to area of acidogenic 
pretreatment for refractory and potentially inhibitory compounds. The compounds 
investigated to date include acrylic acid, chlorophenols, lignocellulosic compounds, 
nitroaromatic compounds, phenol, and polyaromatic hydrocarbons (Qu and Bhattacharya 
1996; Ng et al. 1999; Piringer and Bhattacharya 1999; Li et al. 2003; Yu and Hwang 
2003; Jinadasa et al. 2004) 
 
Most of these studies have reported improved treatability of the wastewaters after the 
acidogenic pretreatment phase, with the exception of chlorophenols. Acidogens were 
found to be more resistant to inhibition and the process was able to partially transform the 
persistent organics to more amenable metabolites for subsequent downstream treatment 
(i.e. methanogenic or aerobic), hence demonstrating a marked improvement in the total 
removal of these refractory compounds. The compounds investigated have been mainly 





2.4.3 Advantages of using the acidogenic process for treatment of chlorinated 
compounds  
Having the dechlorination process in the acidogenic phase has numerous advantages. 
Firstly, if dechlorination is via the chlororespiration mechanism, acidogens can possibly 
establish a symbiotic relationship with dechlorinating bacteria in which organics are 
fermented into VFAs and H2 for consumption by dechlorinating bacteria (Perkins et al. 
1994; Fennell et al. 1997). This can help enrich dechlorinating bacteria population 
assuming that the dechlorinating bacteria are not inhibited at low pH.  
 
Secondly, dechlorinating bacteria need not have to compete with methanogens for 
electron donors - acetate and H2 - as methanogens will be severely inhibited at low pH 
condition. This will eliminate the problem of incomplete dechlorination caused by 
methanogens that outcompete dechlorinating bacteria for electron donors in a single 
phase anaerobic process (Smatlak et al. 1996; Yang and McCarty 1998).  
 
Thirdly, if dechlorination is via cometabolic process, enriched fermentative 
microorganisms at acidic pH can produce enzymes or cofactors to aid in reduction of 
chlorinated compounds (Criddle et al. 1990a, de best et al. 1999, Holliger et al. 2003)   
 
Fourthly, acidogenic pre-treatment process will be ideal for the industry with situations 
where acidic effluents containing chlorinated compounds are generated (Ozkaya 2005) 
and single phase anaerobic processes - which are sensitive to low pH conditions - may 
not then adequately remove the pollutants. 
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Lastly, acidogens are known to be more robust as shown by the yield and specific growth 
rate in Table 2.2. It is highly likely that their recovery from inhibition would be much 
faster as compared to methanogens. The acidogenic phase could, thus, act as a damper for 
fluctuating loads of chlorinated compounds and prevent inhibition of the methanogens 
from any surge in loadings. 
 
To date, several studies have investigated the dechlorination of chlorinated compounds 
under acidogenic condition. These studies, however, have varying results (Pringer and 
Bhattacharya, 1999; Boopathy, 2002; Chin et al. 2005; Kelly and Farone, 2007). 
Boopathy (2002) reported the formation of chloroform and dichloromethane when 
anaerobic cultures were fed with molasses and CCl4 under neutral pH condition. The 
dechlorination rate was the fastest for the acidogenic condition as compared to 
methanogenic or nitrate, sulfate and iron reducing condition. In another report, CCl4 
transformation could proceed when mixed anaerobic cultures were dosed with either 
bromoethanesulfonic acid (inhibitor of methanogens) or molybdate (inhibitor of sulphate 
reducing bacteria). But when vancomycin (inhibitor of gram-positive eubacteria) was 
dosed, the transformation ceased. (de Best et al. 1999). Kelley and Farone (2007) 
reported when yeast extract and lactate were fed to an inoculum of enriched mixed 
culture containing Dehalococcides sp. (Bio-Dechlor INOCULUM )® , the culture had high 
initial growth rate at pH 7 while the TCE-dechlorination rate was negligible. Due to the 
fermentation of lactate, the pH was reduced to 4. With the decrease of growth rate of the 
enriched culture, the TCE-dechlorinating activity resumed.  
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Chin et al. (2005) studied 2,4-dichlorophenoxyacetic acid degradation at acidogenic 
conditions of pH 4.5 to 5.0 and reported that 2,4-dichlorophenoxyacetic acid could be 
degraded after an acclimation period of 100 days while Piringer and Bhattacharya (1999) 
reported that there was no dechlorination of chlorophenol in the acidogenic environment 
due to the toxicity of PCP to the acidogenic culture. In addition, there was no evidence of 
trichlorophenol and dichlorophenol dechlorination in their study. The negative results for 
chlorophenols could be due to lack of appropriate microbial consortia. In addition, 
different dechlorination mechanisms may apply to aliphatic and aromatic chlorinated 
compounds leading to the differences in results.   
 
Therefore, in this study, the acidogenic process for the removal of chlorophenols was 
investigated to determine the factors that govern dechlorination of chlorophenols under 
acidogenic conditions. The overall aim of this study is to reduce the loading of 
chlorophenols with the acidogenic process and thereby reduce risk of inhibition on 
downstream processes such as the methanogenic or aerobic process. This is intended to 
enhance overall removal performance in primary organics and chlorinated organics.  
 
2.4.4  Knowledge gap in the understanding of dechlorination under acidogenic 
condition 
Although knowledge on dechlorination mechanism under acidogenic condition are 
limited, drawing on the extensive studies of anaerobic reductive dechlorination under 
neutral pH and methanogenic conditions, some light can be shed on the possible 
dechlorination mechanisms under acidogenic condition. It is now known that anaerobic 
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reductive dechlorination can occur via two main mechanisms: 1) cometabolic reaction 
and 2) chlororespiration. In cometabolic reaction, dechlorination is a secondary reaction 
catalyzed by enzymes or cofactor such as heme proteins, corrinoids produced by 
microorganisms during metabolism of the primary organics (Holliger et al. 1992; Ni et al. 
1995; Neumann et al. 1996). The microorganisms do not gain from the reduction of the 
chlorinated compounds (Holliger and Schraa 1994). In chlororespiration, a specific group 
of dechlorinating bacteria need to be cultivated and enriched. These dechlorinators utilize 
the chlorinated compounds as an electron acceptor for their growth to generate energy to 
maintain their metabolism (Holliger et al. 1998; Loffler et al. 2003). 
 
Cometabolic reductive dechlorination  
Cometabolic reaction is widely believed to be one of the mechanism for CCl4 
dechlorination under neutral pH condition (de Best et al. 1999). It has been reported that 
a variety of anoxic/anaerobic metabolic processes - denitrification, acetogenesis and 
fermentation and methanogenesis - are able to transform CCl4 during their primary 
metabolism (Egli et al. 1988; Criddle et al. 1990a; Criddle et al. 1990b; Novak et al. 
1998). A commonly found bacterium, Escherichia coli K12 was found to dechlorinate 
CCl4 under fermentative condition without acclimation and its reaction was described to 
be cometabolic (Criddle et al. 1990b). Flavoprotein-flavin complexes were responsible 
for the reductive dechlorination observed in Escherichia coli. Acetogens - 
Acetobacterium woodii and Clostridiun thermoaceticum - grown in glucose medium 
could also degrade CCl4 without acclimation although the dechlorination mechanism is 
unclear (Egli et al. 1988).   
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Several enzymes are responsible for dechlorination of other aliphatic chlorinated 
hydrocarbons such as tetrachloroethylene (PCE) and trichloroethylene (TCE). They 
include protein-bound tetrapyrrole cofactors (Fe(II) porphyrins, corrinoids, or factor F430 
flavor protein- flavin complexes and ferredoxins (Holliger et al. 2003). For example, 
cytochrome P450-cam, isolated from Pseudomonas putida was able to dechlorinate 
trichloronitromethane (Castro et al. 1985). In another fermentative microorganism, the 
Clostridium bifermentans, its cell free extract was able to dechlorinate 
tetrachloroethylene (Chang et al. 2001). Photoreversible inhibition of tetrachloroethylene 
dechlorination by 1-iodopropane in titanium(III) citrate reduced cell extracts and 
inhibition by cyanide indicate that a corrinoid enzyme was involved in the dechlorination 
reaction (Chang et al. 2001). Another form of corrinoids, Vitamin B12, is known to 
catalyze the reductive dechlorination of penta, tetra and trichlorophenols (Smith and 
Woods 1994). The dechlorination pathway was often observed to be via the meta and 
para position. Ortho position chlorine was the most resistant to reduction. 
 
Findings in the literature showed that a number of fermentative microorganisms have 
enzymes/coenzymes systems produced during their primary metabolism that were able to 
catalyse reductive dechlorination. As long as these fermentative microorganisms could be 
enriched in acidic pH conditions and the same enzymes or a similar class of enzymes is 






In the case of chlororespiration, to date, there is no known isolate that uses CCl4 for 
anaerobic respiration and eight pure cultures capable of dechlorinating chlorophenols 
have been identified. Majority of these dechlorinators belong to the Desulfitobacterium 
while a couple of the dechlorinating bacteria belong to Desulfomonile and Desulfovibrio 
genus (Table 2.5) (Madsen and Licht 1992; Mohn and Kennedy 1992; Utkin et al. 1994; 
Bouchard et al. 1996; Sanford et al. 1996; Loffler et al. 1997; Boyle et al. 1999; 
Breitenstein et al. 2001). Desulfitobacterium spp. belongs to the low G+C gram positive 
bacteria and they are commonly isolated from chlorophenols as electron acceptors. Ortho, 
meta and para dechlorination of chlorophenols were reported for different strain of 
Desulfitobacterium spp. They mainly use pyruvate, VFAs, lactate, H2 and highly 
chlorinated chlorophenols as their electron donors and acceptors respectively. They thrive 
under neutral pH condition. However, a few reports have noted that some of the 
Desulfitobacterium spp. can actually survive under low pH condition from 6.0 to 7.0 
although not in their ideal growth condition (Utkin et al. 1994; Bouchard et al. 1996). 
Dehalococcides sp. is another major class of dechlorinating microorganisms using PCE, 
TCE as electron acceptors, and their optimum growth pH were also reported at neutral 
pH (Loffler et al. 2003). Recently, there was a report suggesting that optimum pH for 
growth and dechlorintation activity differs. An enriched mixed culture containing 
Dehalococcides spp. (Bio-Dechlor INOCULUM ) feeding on lactate and TCE has®  a high 
initial growth rate at pH 7 while the TCE-dechlorination rate was negligible. As 
fermentation proceeds and pH reduces to 4, the growth rate of the enriched culture 
slowed and the TCE-dechlorinating activity resumed.  
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This means that as long as a sufficiently long mean cell residence time is maintained, 
such organisms could be cultivated in the acidogenic reactor and in the meantime 
maintain their dechlorination activities. Besides, the electron donors required by the 
dechlorinating bacteria can be supplied by the acidogens and thus establishing a 
symbiotic relationship between the acidogens and the dechlorinating bacteria. 
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Table 2.5 Pure cultures capable of dechlorinating chlorophenols 
Species Electron donor Electron acceptor*
Position of 
dechlorination pH range References 
Firmicutes  




Butyrate, formate, H2, 
lactate, pyruvate 
PCP, 2,4,6-
TCP, 2,3-DCP Ortho  6.8 – 7.5 
Sanford et al. 
(1996) 
Desulfitobacterium dehalogenans  Formate, H2, lactate, pyruvate 
2,4,6-TCP, 2,4-
DCP, 2,6-DCP Ortho  6.5 – 8.5 
Utkin et al. 
(1994) 
Desulfitobacterium frappieri 
PCP-1 Pyruvate  PCP, 2,4,6-TCP 
Ortho, Meta, 
Para 6.0 -9.0 




Butyrate, formate, H2, 
lactate, pyruvate 
PCP, TeCP, 




DCB-2 Pyruvate  
PCP, TeCP, 
TCP Ortho, Meta 7.0 
Madsen and 
Licht (1992) 
Desulfitobacterium sp. Viet1 H2, acetate  2,4-DCP Ortho N.D. 
Loffler et al. 
(1997) 
δ- proteobacteria      
Desulfomonile tiedjei DCB-1 Formate, H2, pyruvate PCP Meta N.D. 
Mohn and 
Kennedy (1992) 
Desulfovibrio sp. TBP-1 Formate, H2, Lactate 2,4,6-TBP Ortho 7.0 
Boyle et al. 
(1999) 
Note: * TBP represent tribromophenol 
 
 
Abiotic Reductive Dechlorination  
Lastly, other than biologically mediated reductive dechlorination, non-biologically 
mediated (abiotic) reductive dechlorination is known to contribute to reductive 
dechlorination especially in aliphatic chlorinated hydrocarbons (Gantzer and Wackett, 
199; Matheson and Tratnyek, 1994). Abiotic reductive dechlorination involves chemical 
reactions to reduce chlorinated compounds. The catalysis participating in the abiotic 
reaction can be classified into two main areas 1) cofactors, metalloenyzmes or iron-suflur 
molecules and 2) zero-valent metals. Although abiotic reaction driven by the first group 
of catalysis are considered chemical in nature, it is most probably that these catalysis 
exists in enzyme-bound form in microorganisms and thus such reaction could be 
considered cometabolic in nature which was described in greater details in earlier section.  
 
The second group of catalysis involves the zero valent metals such as iron, magnesium, 
palladium (Matheson and Tratnyek, 1994). As iron is the mostly commonly used zero 
valent metal for bioremediation, further discussion will use iron as an example. Generally, 
reductive dechlorination via zero-valent iron (Fe0) can occur through three pathways 
(Matheson and Tratnyek, 1994). Firstly, the chlorinated compounds can react directly 
with the iron surfaces and electron is directly transferred from Fe0 to the chlorinated 
compound resulting in the corrosion of the iron surfaces. The second pathway will first 
involve the corrosion of Fe0 by water and thus releases Fe2+ into the solution. The 
dissolved Fe2+ can therefore reduce the chlorinated compounds. The last pathway 
involves catalysis such as the iron surfaces to aid in the reduction of chlorinated 
compounds by H2 which is produced during the corrosion of iron by water.  
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2.5 Summary  
This chapter has given an overview on the limitation of the current conventional 
anaerobic process in treating chlorinated compounds. The instability of the anaerobic 
process is due to the inhibitory effects of the chlorinated compounds on the methanogenic 
phase. In this study, the use of the acidogenic process for the pre-treatment of the 
chlorinated compounds was proposed to circumvent this problem. In the following four 
chapters, feasibility of the proposed solution will be investigated. This will report on the 
factors and operating conditions of the acidogenic bioreactor that will affect 

















Evaluation of Biodegradation Potential of Carbon Tetrachloride and 
Chlorophenols under Acidogenic Condition  
 
Abstract 
Biodegradability of chlorinated aliphatic (CCl4) and aromatic (chlorophenol) compounds 
under acidogenic condition was investigated at pH 5.0 to 5.5. Batch tests were used to 
evaluate biodegradability, adsorption capacity, and inhibitory effects of the chlorinated 
compounds on the fermentative microbial consortium. The biodegradability of CCl4 
differed from that of the chlorophenols tested. CCl4 was degraded to dichloromethane 
and its adsorption onto the biomass was minimal. Inhibition of the acidogenic process 
was not observed for CCl4 at 10 mg/L. Chlorophenols (penta, tri, di and mono) were not 
degraded at all even after addition of vitamin supplements, increased incubation time, and 
increased primary to chlorinated substrate ratio. Chlorophenols removed from the 
aqueous phase by adsorption can be recovered from the acidogenic sludge. 
Pentachlorophenol was inhibitory to the acidogenic culture whereas 2-chlorophenol was 
not. The results showed it is possible to dechlorinate at least an aliphatic chlorinated 







3.1 Introduction  
 
From the literature survey, there were contradictory findings regarding the possibility of 
CCl4 and chlorophenols dechlorination under acidogenic condition. A number of reports 
had suggested that either the acidogenic or the acetogenic phase in the conventional 
anaerobic process was responsible for CCl4 dechlorination. (Egli et al. 1988; Criddle et al. 
1990b; de Best et al. 1999; Boopathy 2002). However, some chlorinated compounds, e.g. 
PCP, could not be dechlorinated under acidogenic environment (Piringer and 
Bhattacharya 1999)  
 
The difference in dechlorination of CCl4 and PCP could possibly have come from the fact 
the experiments were performed in different biochemical environments. (de Best et al. 
1999) had conducted the experiments at neutral pH and inhibited the methanogens by 
using chemical inhibitors while Piringer and Bhattacharya (1999) conducted their 
experiment at pH 6.0 to eliminate the methanogens which would usually have required 
neutral pH to grow. Therefore, the differences in pH could have resulted in different 
microbial consortia that reacted differently to the chlorinated compounds.  In addition, 
different dechlorination mechanisms may apply to aliphatic and aromatic chlorinated 
compounds leading to the differences in results. In order to clarify these hypotheses and 
derive a better selection strategy in the treatment of these chlorinated compounds, the 
goal of this study was to investigate CCl4 and chlorophenol removal under the same 
acidogenic environment (pH 5.0 to 5.5). The scope of the experiment included studying 
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the biodegradation potential, the adsorption capacity, and the potentially inhibitory 
effects of the tested compounds on the acidogenic culture.  
 
3.2 Materials and Methods  
3.2.1 Acidogenic sequencing batch reactor  
The seed sludge used in the serum bottle batch tests was drawn from a laboratory-scale 
acidogenic sequencing batch reactor (SBR) which had been developed from sludge 
obtained from a mesophilic anaerobic digester at a local municipal sewage treatment 
plant. The reactor had a working volume of 10 liters (Quickfit culture vessel, FV10L) and 
was operated at 35 ± 1 oC, pH of 5.0 ± 0.5 and on four 6-hour cycles per day. Each cycle 
comprised 10 min FILL, 4 hours and 40 min REACT, 1 hour SETTLE and 10 min 
DECANT. The HRT and SRT of the reactor were 1 day and 8-10 days respectively. The 
MLSS was maintained at about 7560 ± 800 mg/L. Amount of biomass wasted each day 
(inclusive of MLSS discharged in effluent) averaged 945 ± 300 mg MLSS/d .  
 
The basic feed of the mother reactor consisted of (units in mg/L): Sucrose (9000), 
NaHCO3 (4000), CaCl2.2H2O (110), MgCl2.6H2O (125), NH4Cl (430), K2HPO4 (90), 
KH2PO4 (30), Na2SO4 (66), FeCl3.6H2O (7.5), and a trace elements supplement (1 mL/L). 
The trace elements supplement contained (units in g/L): CoCl2.6H2O (0.25), H3BO3 
(0.25), MnCl2.2H2O (0.5), NaMoO3 (0.02), NiCl2.6H2O (0.5), ZnCl2 (0.5), and thiamine 
(0.4). Composition of the vitamin supplement used in the batch test contained (units in 
µg/L): Biotin (20), Folic acid (20), Nicotinic acid (50), Panthothenic acid (50), p-
aminobenzoic acid, (50), Pyridoxine HCl (100), Riboflavin (50), and Vitamin B12 (1). 
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The acidogenic reactor had been operated continuously for 2 years before this series of 
tests (Jinadasa et al. 2004). During the startup phase 2 years ago, the anaerobic seed 
sludge was subjected to a sharp drop in pH from 7.6 to 5.0. Typical performance data of 
the reactor is summarized in Table 3.1. A carbon mass balance was performed for the 
acidogenic SBR and approximately 92% of carbon can be accounted for in the form of 









Table 3.1 Typical performance of acidogenic SBR 
VFA concentrations at the end REACT phase 












(L) CO2 H2 CH4
7650 ± 800 810 ± 123 382 ± 43 445 ± 32 372 ± 57 1.15 ± 0.8 77.2 ± 4.2 11.2 ± 3.4 6.3 ± 3.4 
Carbon In 
(mg-C/d)  Carbon Out (mg-C/d) 













3618  324 186 243 219 501 1743 142 3357 
Note: the average values and the standard deviations were determined from a total of 10 samples during the steady state operation of 




3.2.2 Biodegradation experiment and Anaerobic Toxicity Assay 
Both the biodegradation experiment and the Anaerobic Toxicity Assay were performed 
according to the method reported by Owen et al. (1979). The principle behind the serum 
bottle is to investigate the short term response of the microorganisms to changes in 
testing conditions without the risk of the microorganisms been washed-out as opposed in 
a reactor. 160 mL serum bottles were used for the experiments and each batch culture had 
a liquid volume of 100 mL and contained 6000 mg/L of MLSS obtained from the 
acidogenic SBR anaerobically. Initial chemical compositions in the serum bottles were 
identical to the acidogenic SBR except for the various predetermined concentrations of 
CCl4 and chlorophenol. A couple of controls consisting of seed sludge fed with sucrose 
only or autoclaved seed sludge were included in each of the experiments. Due to a need 
to maintain a constant MLSS in acidogenic SBR and a limited amount of excess sludge 
available, a total of two replicates were performed for each set of experiments. Due to the 
insolubility of CCl4 in water, it was first dissolved in 100% methanol. The final 
concentration of methanol in the serum bottles was set at 0.1% (vol/vol). Stock solutions 
of chlorophenols (1 g/L) were prepared in 0.1 M NaOH solution to enhance chlorophenol 
solubility in water (Ma et al. 1993). Four chlorophenols (2-CP, 2,4-DCP, 2,4,6-TCP and 
PCP) were chosen. Prior to the experiment, the serum bottles were flushed with 100 % 
nitrogen for 10 mins to ensure anaerobic conditions and sealed with Teflon-lined butyl 
rubber stoppers and aluminium crimp caps. The cultures were later incubated at 35 oC 
and mixed using a magnetic stirrer for 280 mins. Biogas production and composition 
were measured at periodic intervals. At the end of the test, samples were collected for 
determination of VFAs, CCl4, chlorophenol and metabolites. 
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3.2.3 Sorption experiment  
During the sorption experiments, uniform amounts (1 mg/L) of CCl4, chloroform (CHCl3) 
and dichloromethane (CH2Cl2) were allowed to contact with autoclaved biomass (MLSS 
ranging from 0.5 to 5 g/L) for 280 minutes. The biomass did not exhibit any 
dechlorination activity after being autoclaved at 105 oC for 5 mins. The seed sludge was 
obtained from the acidogenic SBR and the same 100-mL medium in a 160-mL bottle was 
used in the sorption study as was used in the degradation experiments. Near equilibrium 
condition was determined to be reached in less than 30 minutes. In the case of 
chlorophenol sorption experiment, the acidogenic sludge was not autoclaved as they did 
not have any chlorophenol dechlorinating activity during the incubation period. This was 
ascertained by the lack of degradation metabolites and the recovery of the parent 
compounds. After the degradation batch experiments, the same seed sludge was subjected 
to solid phase extraction as described in Kennedy et al. (1992) so as to determine the 
amount of chlorophenol adsorbed. The sludge were washed twice with distilled water and 
resuspended in 5 mL of 1 M of NaOH solution with pH above 12. 200 µL of acetic 
anhydride was added and then extracted into 1m L of 1:1 acetone:hexane solution. The 
recovery of chlorophenols ranged from 84% to 95%. The amount of chlorophenols 
adsorbed was determined by taking the mass of chlorophenols in the acetone:hexane 






3.2.4 Analytical procedures  
Biogas composition was determined by gas chromatography (Shimadzu GC-17A 
equipped with Thermal Conductivity Detector) on a Porapak N 80/100 mesh column. The 
column temperature was maintained at 60 oC. The temperature for the detector and 
injection port was maintained at 120oC. Argon was used as the carrier gas. Analysis of 
VFAs was made by gas chromatography (Shimadzu GC-14B equipped with Flame 
Ionization Detector) on a 25m x 0.32 mm HP-FFAP fused silica capillary column (Yu 
and Fang 2003). The column was initially at 70 oC for 4 min and followed by 140 oC for 
3 min and lastly 170 oC for 1 min. Both injector and detector temperature were 
maintained at 220 oC. Helium was used as the carrier gas with flow rate at 25 mL/min. 
Prior to analysis the samples were acidified to pH < 2 with methanoic acid. 2-ethylbutyric 
acid was used as an internal standard. The relative standard deviation of the internal 
standard averaged 4.7 ± 0.5. 
 
CCl4, CHCl3 and CH2Cl2 were quantified by headspace gas chromatography (Shimadzu 
GC-10B equipped with electron capture detector). Liquid samples (1 mL) were injected 
in 10 ml glass vials sealed with Teflon-lined butyl rubber stoppers and aluminium crimp 
seals. The samples were allowed to equilibrate for 30 minutes in a water bath with 
temperature controlled at 35 oC before headspace sampling. A 30 m DB-5 capillary 
column was used. Nitrogen was used as carrier gas with a column flow rate of 2.5 ml/min. 
Oven, injector and detector temperatures were 75, 150 and 250 °C respectively. The 
Henry’s law constants at 35 oC and response factors for CCl4, CHCl3, CH2Cl2 were 0.046, 
0.00563, 0.00326 atm·m3/mol (Gossett 1987) and 4.01 x 106, 8.19 x 105, 4.26 x 104 
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respectively. The relative standard deviation for duplicate injection of the same sample 
containing CCl4, CHCl3, CH2Cl2 samples were 5.1 %, 4.9 % and 8.8 % respectively.  
 
Quantification of chlorophenol and identification of metabolites (i.e. chlorophenol 
isomers) were performed in accordance with EPA 8270C method for determination of 
semi-volatile organic compounds by GC-MS (Agilent HP 6890 series). All chlorophenol 
isomers except pentachlorophenol in the aqueous phase were extracted using liquid-liquid 
extraction. Equal volume (1 mL) of the supernatant and methylene chloride, acidified 
with 10 µL of pure methanoic acid was mixed for 15 mins. 0.5 mL of the organic solvent 
were collected and taken for analysis. As for the detection of pentachlorophenol, 1 mL of 
the liquid sample was mixed with 5 mL of potassium carbonate solution (5 % w/v), 
acetylated with 200 µL acetic anhydride and extracted with 1 mL of methylene chloride 
prior to analysis (Ramil Criado et al. 2004). A capillary column DB-5 (30 m × 250 µm × 
0.25 µm) was used. The temperature profile used was: 40°C to 200°C at 15°C/min and 
held for 1 minute at 200°C. Helium was used as the carrier gas at 1.0 mL/min. 2,6-
dibromophenol and 2,4,6-tribromophenol were used as internal standards during analysis 
of the chlorophenols. The response factors for PCP, 2,4,6-TCP, 2,4-DCP and 2-CP were 
2.80 x 106, 1.35 x 106, 2.48 x 106 and 1.54 x 106 respectively. The relative standard 
deviation of the internal standard averaged 3.9 %. In general, each sample was analyzed 
twice and in situation when the internal standards deviates by more than 10 % from the 
average, samples were reanalyzed. MLSS was determined in accordance with Standard 
Methods (APHA 1998).   
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3.3 Results  
3.3.1 Removal of carbon tetrachloride in the acidogenic environment  
Experiments were carried out with final CCl4 concentrations in the serum bottles ranging 
from 0.1 to 10 mg/L, which encompassed the typical CCl4 levels found in industrial 
wastewaters (Breton et al. 1988). Figure 3.1 showed that the acidogenic process was 
effective at removing carbon tetrachloride, with an average removal efficiency of 93 % 
after 280 minutes of contact time. Final CCl4 residual concentrations were all below 1.0 
mg/L. This result implies that downstream process would unlikely be severely inhibited 
as the CCl4 concentration resulting in 50 % inhibition for methanogenesis was reported to 
be 1.8 mg/L (Sponza 2003). In addition, the amount of residual CCl4 was fairly constant 
at approximately 0.015 mg/L when initial CCl4 concentrations were below 1 mg/L 
(Figure 3.1), suggesting that degradation slowed down at very low residual 
concentrations.  
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Figure 3.1 Removal efficiencies and residual concentrations of CCl4 at various 
influent concentrations after 280 minutes of contact time. Error bar represent the 




The removal efficiency was found to be highly dependent on sucrose concentrations; the 
removal efficiency decreased to 60 % when the feed sucrose concentration was below 
3000 mg/L (Figure 3.2).  

























Figure 3.2 Effect of initial sucrose concentration on removal of 10 mg/L of CCl4. 
Error bars represent the standard deviation of 2 set of experiments.   
 
 
3.3.2 Carbon tetrachloride transformation pathway  
During the degradation processes, intermediate metabolites, such as chloroform and 
dichloromethane, were detected in the batch test (Figure 3.3). The formation of the lower 
chlorinated carbon compounds suggested reductive dechlorination was one of 
transformation pathway for CCl4 in the acidogenic environment. The presence of 
dichloromethane was detected after 1 hour of inoculation under various CCl4 loadings. 
However, the amount of dichloromethane detected was low and highly variable. The 
amount of dichloromethane present after 280 minutes is shown in Figure 3.3C.  
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Figure 3.3 Degradation metabolites in acidogenic environment A) Degradation of 
CCl4 B) Formation and degradation of chloroform C) Final concentrations of 
dichloromethane after 280 minutes of reaction time. Error bars represent the 
standard deviation of 2 set of experiments. 
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A mass balance of CCl4 and its metabolites was performed (Table 3.2). At dosed 
concentration above 1 mg/L, about 13.4 % of the dosed CCl4 can be accounted for in the 
residual concentration of CCl4, CHCl3 and CH2Cl2. The unaccounted CCl4 could be 
adsorbed onto the biomass or transform to other previously reported metabolites such as 
CH4, monochloromethane, CO2 and CO (de Best et al. 1999). However, these metabolites 
could not be quantified due to lack of suitable instrumentation. In order to quantify the 
rest of the CCl4, mass balance studies using radioactive label, C14, is required but 
unfortunately facilities for radioactive work were not available during the study.      
 
Table 3.2 Mass balance of CCl4 and its recovered metabolites after 280 min 
Dosed CCL4  Residual  







0.1 0.65  0.10 ± 0.01 0.44 ± 0.09 0.94 ± 0.49 228 
0.5 3.25  0.10 ± 0.07 0.80 ± 0.06 1.53 ± 0.30 74.8 
1.0 6.50  0.11 ± 0.04 0.88 ± 0.06 1.65 ± 0.07 40.6 
5.0 32.5  2.00 ± 0.52 0.68 ± 0.81 1.77 ± 0.11 13.7 
10.0 65.0  5.20 ± 0.13 1.30 ± 0.06 2.00 ± 0.07 13.1 
# The higher than 100% recovery was probably due to the error in the measurement of 
CH2Cl2 at low concentration. Error bars represent the standard deviation of 2 set of 
experiments.   
 
3.3.3 Negligible removal of carbon tetrachloride by adsorption  
Experiments were conducted to investigate whether adsorption contributed to CCl4 
removal. Results indicated the removal of chlorinated aliphatic compounds due to 
adsorption using autoclaved biomass was, statistically, insignificant; variation in the 
recovery of chlorinated aliphatic compounds was likely due to experimental errors 
(Figure 3.4).  
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Figure 3.4 Recovery of chlorinated aliphatic compounds contacted with autoclaved 
biomass. CAH – chlorinated aliphatic compounds and error bar represent the 
standard deviation of 2 set of experiments.   
 
Besides the removal of CCl4 via adsorption, abiotic transformation due to feed medium 
had also been reported. Tanaka (1997) reported abiotic transformation of CCl4 occurred 
in the presence of vitamin B12 and iron in its reduced form (i.e. Fe0 and Fe (II)). In this 
study, the possibility of abiotic transformation was investigated. CCl4 (1 mg/L) was 
contacted with autoclaved synthetic feed medium for 280 minutes and an average of 99.1 
% recovery was obtained. However, during the writing of this thesis, it was found that 
there was a flaw in the experimental design to investigate whether dechlorination was due 
to abiotic reaction. No external reductant such as titanium(III)citrate or dithiothreitol was 
added into the serum bottles so even when catalysis such as hemes proteins (DeWeerd 
and Sulfita 1990), zero valent metals (Matheson and Tratnyek, 1994) and transition 
metal-coenyzmes (Gantzer and Wackett, 1991) were present, reductive dechlorination 
could not proceed due to lack of reducing equivalents. Recently, carbon stable isotope 
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fractionation was used to determine whether reductive dechlorination is via biotic or 
abiotic reaction. Fractionation of C13 stable isotope differs for dechlorination reaction 
governed either by dechlorinating microorganisms or abiotic reaction such as ferrous 
sulphide (Liang et al. 2007). Using such technique could be useful in distinguishing 
between biotic and abiotic reactions in complex dechlorination reaction for future studies.  
 
3.3.4 Removal of chlorophenol in the acidogenic environment  
Possibility of dechlorination of chlorophenols under acidic environment, 2-CP, 2,4-DCP, 
2,4,6-TCP and PCP were tested with the following concentrations of 0.5, 1, 5, 10 and 20 
mg/L. Contrary to the results of CCl4, removals of all the chlorophenols can be attributed 
to adsorption rather than degradation (Table 3.3) in the incubation period of 280 mins. 
GCMS analysis of the effluent did not detect any degradation metabolites. Attempts to 
identify the possible metabolites formed using liquid-liquid extraction with various 
solvents such as hexane and methylene chloride under acidic, neutral and basic 
conditions failed. Subsequently, solid phase extraction was performed to investigate the 
amount of chlorophenol adsorbed onto the sludge. The results showed that nearly 82 to 
97 % of the chlorophenol removed from the liquid phase could be recovered from the 










Table 3.3 Mass balance analysis of chlorophenol under acidogenic condition 





















2-CP 3.3 34 0.25 88 7.2 28 0.56 94 
2,4-DCP 1.5 71 0.49 91 3.1 69 0.91 89 
2,4,6-TCP 1.1 78 0.55 96 3.2 68 1.01 97 
PCP 0.3 95 0.94 85 0.4 96 1.31 82 
Note: Removal efficiency measures the amount of chlorophenol removed from the aqueous phase; Recovery measures the amount of 







Subsequently, the experimental conditions were modified in an effort to favour 
chlorophenols degradation under acidogenic conditions. The modifications, performed in 
duplicate fresh batch experiments,  were as follows: 1) addition of vitamin solutions to 
enhance dechlorination since previous studies have reported the requirement for vitamin 
BB12 for dechlorination (Assafanid et al. 1992), 2) enhancing the solubility of chlorophenol 
by dissolving in methanol as highly chlorinated phenol are highly hydrophobic and tend 
to adsorb onto the sludge surface (Morris et al. 1988), 3) increasing the ratio of primary 
to secondary substrate ratio (i.e. sucrose to chlorophenol) by 2 fold to investigate whether 
increase activity of primary fermentation could assist in degradation, and 4) increasing 
the incubation time from a period of 280 mins to approximately 1 week to allow longer 
incubation time. Unfortunately, all these attempts did not improve the situation, the 
chlorophenol remained adsorbed onto the acidogenic biomass and no metabolites were 
detected (Figure 3.5).  
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Figure 3.5 No degradation of chlorophenols despite modifications of testing 
conditions 
 
3.3.5 CCl4 and chlorophenols inhibition on acidogens  
Biogas and VFAs are the major products of acidogenic degradation of organic matter, 
therefore, understanding the effects of inhibitory substances on the production of these 
metabolites would allow for better control of the acidogenic biotreatment process. Results 
showed that the generation of total gas, VFAs remained stable at the tested CCl4 
concentration during the experiment (Figures 3.6A). The typical gas composition in the 
serum bottles for hydrogen, methane and carbon dioxide were 12, 5 and 43% respectively. 
Although the total gas production was not inhibited, the methane composition decreased 
to 0.5 % as concentration of CCl4 exceeded 1.0 mg/L (Figure 3.6B). 
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Figure 3.6 A) Gas and VFAs productions and B) Gas compositions after 280 min at 
different CCl4 dosage  
 
However, in the case of chlorophenol, lower order chlorinated phenols were not 
inhibitory to acidogens but a highly chlorinated phenol (PCP) was toxic to acidogens 
(Figure 3.7). At the concentrations investigated, from 0.5 mg/L to 100 mg/L, 2-CP and 
2,4-DCP did not inhibit the process whereas the inhibition caused by 2,4,6-TCP occurred 
after 20 mg/L. PCP was the most inhibitory as it inhibited the process after a feeding of 
only 2 mg/L. This result was consistent with the findings of Piringer and Bhattacharya 
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(1999). They had reported inhibition in the metabolism of glucose by acidogenic culture 
at PCP concentration of 5.5 mg/L.  























Figure 3.7 Effects of chlorophenols on VFA production. VFA activity factor is 
calculated by dividing the VFA produced at each dosage by the VFA produced 













This study investigated acidogenic biotreatment from pH 5.0 to 5.5 as a pretreatment 
process for degradation of chlorinated compounds. The results provided evidence on 
CCl4 dechlorination under acidic condition as compared to neutral pH condition 
(Boopathy 2002). CCl4 was consistently removed to a concentration as low as 0.015 
mg/L. Since a past study had reported the 50 % inhibition concentration of CCl4 on 
methanogenesis was 1.8 mg/L (Sponza 2003), the acidogenic pretreatment process has 
successfully reduced the inhibitory effect of CCl4 on the downstream methanogenic 
phase had this been present. Based on the possible pathways for microbial transformation 
of CCl4 as illustrated by de Best et al. (1999), it is believed the degradation pathway was 
via sequential reductive dechlorination where CCl4 was reduced to monochloromethane 
via chloroform and dichloromethane sequentially.  
 
With regards to the mechanism of CCl4 degradation, dechlorination could be via a co-
metabolic reaction or abiotic reaction. Even though the seed acidogenic culture was 
maintained with a sucrose only fed medium for approximately 2 years, dechlorination of 
CCl4 still occurred without prior exposure to it. More importantly, CCl4 dechlorination 
took place almost immediately upon contact with the acidogenic sludge with no apparent 
lag phase. Typically, if dechlorination was due to the presence of dechlorinating bacteria, 
it would need a considerable lag time before the dechlorinating bacteria was enriched 
sufficiently for dechlorination to proceed. Holliger and Schraa (1994) had also suggested 
most chlorinated aliphatic compounds degrade via co-metabolic reaction. The enzymes or 
co-factors produced by the microorganisms could catalyze other reactions although they 
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do not benefit from such co-metabolic transformations. There could also be the 
possibility of abiotic reduction due to iron(III) in the feed medium (28 μM). Iron(III) 
could be reduced to iron(II) in the acidogenic environment and a chemical reaction 
between iron(II) (a maximum concentration 28 μM) and CCl4 (tested concentration from 
0.65 to 65 μM) could take place and contribute partly to the dechlorination reaction 
(Matheson and Tratnyek, 1994).  
  
As for the case of chlorophenol, it could not be degraded by the same acidogenic culture. 
Removal of chlorophenol was attributed mainly to adsorption. Despite numerous 
attempts to stimulate degradation by providing a more favourable environment such as 
vitamin supplementation, increasing primary to chlorinated substrate ratios, and longer 
incubation time, dechlorination did not take place. This would imply that the enzymes or 
cofactors that had catalyzed the CCl4 dechlorination did not work with the chlorophenol. 
The reason is likely due to the difference in chemical structure of aliphatic and aromatic 
compounds which would affect the complexation of the compounds with the enzymes 
thus affecting the enzymes’ ability to catalyze the reaction (Janssen et al. 2001). The 
other reasons could be attributed to longer lag time or unfavourable biochemical 
environment for the desired chlorophenol-dechlorinating microorganisms. Pure culture 
study of Desulfitobacterium sp. showed the optimum pH for growth had been at slightly 
alkaline conditions; dechlorination rate is much lower at acidic pH (pH < 7.0) (Bouchard 
et al. 1996). Further attempts are needed to determine the appropriate biochemical 
environment to enrich the desired chlorophenol-degrading microorganisms under 
acidogenic condition.   
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3.5 Conclusions 
It can be concluded that dechlorination of CCl4 can proceed at acidic pH of 5.0-5.5. 
However, the biodegradation potential for aliphatic and aromatic chlorinated compounds 
differed. CCl4 could be degraded in an acidogenic process dominated by fermentative 
microorganisms while chlorophenol was not degraded under the same conditions. 
Adsorption of chlorophenol, instead, was identified as the removal mechanism. As such, 
it would imply acidogenic biotreatment of wastewaters containing chlorinated 
compounds would require careful consideration of appropriate seed biomass and/or start-

















Biomass Sorption of Chlorophenols under Acidogenic Condition  
Abstract   
This study investigated biomass sorption of chlorophenols (2-chlorophenol, 2,4,6-
trichlorophenol, and pentachlorophenol) from aqueous solution under acidogenic 
condition. Two parameters thought capable of influencing adsorption were investigated - 
pH and biomass metabolic state. Freundlich adsorption parameters (i.e. sorption intensity 
and capacity) were used to describe the adsorption phenomenon at pHs ranging from 4.5 
to 7.2.  Batch tests were conducted with active, dormant, and autoclaved biomass. 
Chlorophenol adsorption under acidogenic condition was noted to be predominantly 
governed by pH which affected both the adsorbate and adsorbent. The chlorophenols 
would have existed in their molecular form under acidogenic conditions (pH of 5.0 to 5.5) 
while cell surfaces would have been more hydrophobic and with less electronegative 
surface charge which resulted in higher adsorption at decreasing pH. The autoclaved 
biomass had higher adsorption (average of 10 % higher) but the dormant biomass did not 
adsorb significantly differently from active biomass. On balance, pH was considered to 
be the most critical parameter in controlling the extent of phenol and chlorophenol 







4.1 Introduction  
Chapter 3 demonstrated that the initial removal of chlorophenols was largely attributable 
to adsorption. Further investigations showed chlorophenol adsorption could vary 
considerably from one reaction cycle to the next in a SBR.  The causes for these changes 
were not known for certain. Although Piringer and Bhattacharya (1999) had reported 
sorption was the main removal mechanism for pentachlorophenol, the factors affecting 
the extent of such adsorption were not investigated. To date, information on the factors 
affecting chlorophenol adsorption in an acidogenic process had not been identified in the 
literature.  
 
From past studies on chlorophenol adsorption in the anaerobic process, factors such as 
pH, the number of chlorine, microbial community composition, dissolved organic matter, 
and ionic strength played important roles in determining the extent of sorption onto the 
biomass (Kennedy et al. 1992; Jacobsen et al. 1996). As the pH condition and microbial 
consortium in an acidogenic reactor (i.e. pH 5-6) is markedly different from an anaerobic 
reactor operating optimally at neutral pH, it is possible the extent of chlorophenol 
adsorption may also differ considerably. The influence of pH may be especially 
important. Chlorophenols are acidic compounds which can dissociate to form negatively 
charged phenolates at pH values more than its pKa. Negatively charged organic acids 
have lesser tendency to adsorb onto biomass, although a small amount of electrostatic 
attraction could still be possible (Jafvert et al. 1990). Given the wide range of pKa for 
various chlorophenol compounds (pKa of 4.7 for pentachlorophenol to pKa of 9.9 for 
phenol Table 2.2), the sorption behaviour of the phenols can be very different from each 
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other (Antizar-Ladislao and Galil 2004). Secondly, the acidogenic process is operated in 
the pH range of 5 to 6. This could imply desorption of adsorbed chlorophenols may occur 
when spent biomass is exposed to a subsequent process operating at a higher pH.  
 
Other than the effect of pH, the physiological state of the microorganisms may also affect 
the extent of adsorption of organic pollutants. Loosdrecht et al. (1987) has postulated that 
microorganisms under different metabolic states may exhibit different surface properties 
which in turn could affect organic adsorption. In the previous study where batch test 
studies were used to evaluate the degradation potential of chlorophenols, the biomass 
during reaction was not at steady-state as the metabolic activity of the microorganisms 
shifted from one phase to the next. Microorganisms cultivated in such a batch mode 
experience alternating feast and famine states (Irvine et al. 1997). The surface properties 
may therefore change during reaction and could affect the adsorption of chlorophenols.   
 
Variation in the extent of chlorophenol adsorption in an acidogenic SBR may therefore 
be attributable to pH changes (i.e. due to production of volatile fatty acids and high CO2 
composition in the headspace) and/or the physiological state of the microorganisms (i.e. 
due to transition from the feast to famine stage). The objective of this study was to 
identify the factors that govern chlorophenols adsorption in an acidogenic sequencing 
batch reactor. The investigation was in three parts: 1) influence of pH on the extent of 
adsorption by biologically inactive acidogens; 2) effect of pH on surface properties of 
acidogens at different physiological states and lastly 3) effect of metabolic activity of 
acidogens on adsorption at a given pH.  
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4.2 Materials and Methods    
4.2.1 Enriched acidogenic cultures  
Enriched acidogenic biomass that had no prior exposure to chlorophenols was used in 
this study to determine the extent of chlorophenol adsorption onto acidogenic biomass. 
The biomass was harvested from a 10-Litre acidogenic sequencing batch reactor 
(Quickfit culture vessel, FV10L) which was developed over a period of 2 years from seed 
sludge obtained from a mesophilic anaerobic digester located at a local sewage treatment 
plant treating a mix of domestic and industrial wastewaters as described in Chapter 3. 
The cyclic reactor was operated at pH 5.0 to 5.5, and on four 6-hour cycles per day. Each 
cycle comprised 10 min FILL, 4 hours and 40 min REACT, 1 hour SETTLE and 10 min 
DECANT. The HRT and SRT of the reactor were 1 days and 8-10 days respectively. The 
performance was described in Chapter 3, A synthetic wastewater comprising sucrose, 
bicarbonate, macronutrients, and a trace elements supplement was used as feed as 











4.2.2 Biosorption experiment  
Autoclaved biomass was used to investigate adsorption of chlorophenols in the absence 
of biological activity. The biomass was harvested at the end of reaction phase just before 
the settling period and autoclaved at 105 oC for 5 mins. The autoclaved biomass showed 
no sign of biological activity thereafter (i.e. there was no production of VFAs and CO2 or 
CH4 within the test period of 2 days, Figure 4.1)   






























Figure 4.1 No VFA and gas production by the autoclaved sludge 
 
The active and dormant biomass represented the metabolically active and dormant 
acidogens in an SBR during the microbial growth and endogenous phases respectively of 
a reaction cycle. The metabolic states of the acidogens were determined by tracking the 
biomass change during the reaction phase in a serum bottles test. The biomass 
concentrations were observed to peak during the 2nd hr of incubation and endogenous 
decay of the biomass set in after the 2nd hour and stabilized after 8 hr of reaction (Figure 
4.2A). 
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Figure 4.2 Typical metabolic profile of an acidogenic biomass when first exposed to 
25 µM of 2,4,6-TCP and 9000 mg/L of sucrose:  A and B) Biomass, VFA, sucrose 
and pH time profile of an acidogenic biomass in serum bottles and C) 2,4,6-TCP 
aqueous concentrations over the same incubation period.  
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Active biomass was thus harvested on the 2nd hour of incubation while dormant biomass 
was obtained by depriving the biomass of substrate for a period of 8 hours. All harvested 
biomass samples were centrifuged at 5,000 rpm for 10 mins and the supernatant 
discarded and replaced with 1 mM of piperazine (pKa of 5.68) and sodium bicarbonate 
pH buffer (pKa of 6.37). This was repeated twice to remove dissolved organic matters. 
The final concentration of the biomass was fixed at 1.0 ± 0.2 g/L for 2,4,6-TCP and PCP 
adsorption and 6.0 ± 0.2 g/L for 2-CP adsorption. As the acidogenic biomass has a lower 
adsorption capacity for 2-CP, biomass concentration was increased in order to register a 
significant change in 2-CP aqueous concentration during the experiment. pH of the final 
suspension was controlled using 10 mM NaOH and 10 mM H2SO4. The final solution 
ionic strength averaged 0.089 ± 0.023 M. The suspensions were later transferred to 10 
mL test-tubes with teflon-lined caps and each was purged with 30 mL of nitrogen. Before 
the start of the experiment, biomass was sonicated at 60 W for 10 min to disperse the 
cells. The suspensions were allowed to contact with the adsorbate (i.e. 2-CP, 2,4,6-TCP, 
and PCP) with concentrations ranging from 5 to 400 μM. The test-tubes were placed on a 
test-tube rotator at 36 rpm (Glas-Col) and incubated in a temperature-controlled room at 
26 oC for at least 2 hours to reach adsorption equilibrium. Periodically, 1 mL samples 
were withdrawn, centrifuged at 10,000 rpm for 10 mins and filtered through a 0.45 µm 
Teflon syringe filter (Millipore) for analysis of chlorophenols. Controls containing only 
chlorophenols in the pH buffer were included in each test run and these were handled in 
the same manner as with the regular samples. The following two experiments were 
performed to determine: 1) the effect of pH ranging from 7.2 (typical conventional 
anaerobic reactor operating pH) to 4.5 (typical acidogenic reactor operating pH) on 
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chlorophenols adsorption by autoclaved biomass and 2) the comparison of adsorption by 
autoclaved, fresh and starved biomass at the pH of 5.5.  
 
4.2.3 Biomass surface properties  
The surface properties of the biomass were characterized by two parameters: 1) zeta 
potential, and 2) cell surface hydrophobicity. The zeta potential was measured with a 
Zeta Potential Analyzer using the Smoluchowski model (Brookhaven Instruments Corp., 
Holtsville, NY). Prior to analysis, the biomass was sonicated at 60 W for 10 min to 
disperse the cells. Cell surface hydrophobicity was determined in accordance with the 
microbial adhesion to hydrocarbon test (Rosenberg et al. 1980). Initially, light adsorbance 
at 600 nm was measured for 1 mL of bacteria suspension. After which 0.2 mL of octane 
was added into the bacteria suspension and agitated for 2 min. After allowing 15 min for 
the octane to rise completely, the aqueous phase was removed and the light absorbance 
was measured again. Relative hydrophobicity is defined as the percentage change in light 
absorbance. The more hydrophobic the biomass is, the more the biomass will be 
partitioned to the organic solvent.  
 
4.2.4 Determination of Freundlich’s isotherm constants 
The Fruendlich equation was used to model the adsorption phenomenon as it had 
frequently been reported to be able to describe organic adsorption on a heterogeneous 
surface adequately (Tsezos and Bell 1989; Kennedy et al. 1992; Antizar-Ladislao and 
Galil 2004). The Freundlich equation has the general form of: 
   (1)  neKCq =
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where q represents the amount of adsorbate per unit of absorbent, (µmoles/g) and it was 
determined by taking the difference of dosed adsorbate and the residual concentration 
divided by the absorbent concentration, K represents the adsorption capacity, n is the 
adsorption intensity and Ce is the residual concentration in the aqueous phase (µM). The 
Freundlich’s constants were obtained by fitting the data to the Freundlich’s equation 
using the non-linear regression analysis in the software GraphPad Prism. 
 
4.2.5 Analytical procedures  
Chlorophenols were determined using a HPLC equipped with a diode array detector 
(Shimadzu VP series) with  wavelength set at 276 nm for phenol and 2-CP, and 240 nm 
for 2,4-DCP, 2,4,6-TCP and PCP. Prior to analysis, the samples were acidified with 1 µL 
of formic acid. The compounds were separated using a reversed phase 4.6 mm I.D. x 150 
mm long C18 column (Zorbax Eclipse XDB-C18, Agilent) with temperature maintained at 
40 oC. The mobile phase used for elution of phenol, 2-CP and 2,4-DCP was 60:40 (v/v) 
Acetonitrile/Water with 1% acetic acid pH buffer. As for 2,4,6-TCP and PCP, the mobile 
phase used was 75:25 (v/v) Acetonitrile/Water with 1% acetic acid pH buffer. Flow rate 
of the mobile phase was 1.0 mL/min and injection volume of 20 µL. 2,6-dibromophenol 
and 2,4,6-tribromophenol were used as internal standards during analysis of the 
chlorophenols. The response factors for PCP, 2,4,6-TCP, 2,4-DCP and 2-CP were 8.80 x 
104, 9.30 x 104, 8.28 x 104 and 7.85 x 104 respectively. The relative standard deviation of 
the internal standard averaged 2.5 %. In general, each sample was analyzed twice and in 
situation when the internal standards deviates by more than 10 % from the average, 
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samples were reanalyzed. MLSS was determined in accordance with the Standard 
Methods (APHA 1998).  
 
4.3 Results and Discussion  
4.3.1 Increased in 2,4,6-TCP adsorption during fermentation  
Previous feasibility studies on chlorophenol degradation under acidogenic condition 
suggested that there is a need for acidogens to acclimate to chlorophenols before 
dechlorination can be induced (Chapter 3). Previously unexposed acidogenic biomass as 
described in Chapter 3 was acclimated with 2,4,6-TCP to induce dechlorination. Instead 
of dechlorination, adsorption was found to be the main removal mechanism. During each 
track run conducted in serum bottles, adsorption of 2,4,6-TCP was not constant and was 
observed to increase as the incubation period lengthened (Figure 4.2C). Initially, it was 
thought that the time taken to reach equilibrium was much longer than the incubation 
period. To verify this reasoning, a separate adsorption experiment was conducted with 
metabolically inactive autoclaved biomass. The result however showed otherwise with 
adsorption equilibrium reached within 2 hrs (Figure 4.2C). The increased in adsorption 
seem to correlate with the decrease in pH which was due to the production of volatile 
fatty acids and changes in physiological state of the biomass changes during the batch run 
(Figures 4.2A and 4.2B). Thus it was hypothesized that variation in pH and the metabolic 





4.3.2 Effect of pH on chlorophenols adsorption  
pH had a profound effect on chlorophenols adsorption by the acidogenic biomass. Results 
showed that for all the chlorophenols tested, as the pH decreased, the amount of 
chlorophenol adsorbed increased (Figure 4.3). The amount of chlorophenols adsorbed on 
to the biomass was derived from the Fruendlich’s constants at various pHs (Table 4.1) 
with the equilibrium chlorophenols aqueous concentration set at 10 µM.  
 
Table 4.1 Freundlich’ constants for acidogenic biomass adsorption of 2-CP, 2,4,6-
TCP and PCP adsorption at various pHs   













4.5 0.0085 ± 0.0021 1.07 ± 0.05 1.21 ± 0.14 0.57 ± 0.03 4.02 ± 0.11 0.94 ± 0.02
5.2 0.0059 ± 0.0004 0.93 ± 0.01 1.20 ± 0.21 0.55 ± 0.04 2.40 ± 0.16 1.05 ± 0.03
5.8 - - 1.03 ± 0.12 0.53 ± 0.03 1.42 ± 0.38 0.90 ± 0.10
6.0 0.0055 ± 0.0019 0.87 ± 0.06 0.70 ± 0.04 0.57 ± 0.01 1.18 ± 0.19 0.96 ± 0.06
6.2 0.0029 ± 0.0004 0.91 ± 0.02 0.53 ± 0.07 0.60 ± 0.03 0.71 ± 0.05 1.01 ± 0.02
7.2 0.0042 ± 0.0014 0.75 ± 0.06 0.34 ± 0.02 0.64 ± 0.02 0.49 ± 0.03 0.95 ± 0.02
Note: The best fit value of the Freundich’s constant and its standard deviation was 
obtained from one set of experiment at each pH.   
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Figure 4.3 Enhanced adsorption of chlorophenols with decreasing pH from 7.2 to 
4.5. A) Freundlich isotherms for adsorption of chlorophenols, B) and C) 
Relationships between chlorophenols adsorption and pH. Note: the amount of 
chlorophenol adsorbed was calculated from the experimentally determined 
Freundlich’s constants at various pHs and by assuming Ce to be 10 µM  
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There was approximately 2 and 7 fold increased in adsorption of 2,4,6-TCP and PCP 
respectively when the pH decreased from 7.2 to 4.5 (Figure 4.3A). The extent of 
increment differed between 2,4,6-TCP and PCP because 2,4,6-TCP adsorption was 
already approaching saturation level at the tested concentrations with sorption intensity, n 
ranging from 0.5 to 0.6, while PCP adsorption was still in the linear range of adsorption 
with sorption intensity, n ranging from 0.9 to 1.0. With PCP adsorption still in the linear 
range, this meant that there were more adsorption capacity for PCP than for 2,4,6-TCP.  
 
In addition, the rate of increase for both 2,4,6-TCP and PCP seemed to correspond to the 
rate of increase in the relative distribution of the molecular form of 2,4,6-TCP and PCP 
respectively. As chlorophenols are considered weak organic acids with pKa of 6.0 and 4.5 
for 2,4,6-TCP and PCP respectively, pH has strong influence on the hydrophobicity of 
the chlorophenols depending on whether the compounds exist either in their molecular or 
deprotonated forms (Jafvert et al. 1990). The type of attractive forces would thus differ, 
for example van der Waals forces would be dominant for hydrophobic chlorophenol and 
electrostatic attraction would be dominant for anionic phenolate. With different attractive 
forces in action, the number of binding sites on the microbial cell surface would also be 
different due to its heterogeneous surface (Volesky 2003). 
 
In this study, the increase in pH from 4.5 to 7.2 encompassed the pKa of both 2,4,6-TCP 
and PCP and this would have caused the deprotonation of the hydroxide functional group 
in chlorophenols to form anionic phenolates. This will greatly reduce chlorophenols’ 
hydrophobicity and increases its solubility in the aqueous solution due to the formation of 
 71
hydrogen bonds with the water molecules (Ma et al. 1993). Since adsorption phenomenon 
is the net effect of the relative affinity between the organics with the absorbent and with 
the aqueous solution, the negatively charged chlorophenols were more likely to form 
hydrogen bonds with the water molecules than to be adsorbed by the biomass which 
overall has an electronegative charge on its surface. Such phenomenon had also been 
reported in various studies on effect of pH on chlorophenol adsorption using different 
types of absorbent. The types of absorbent investigated included anaerobic granular 
sludge (Gao and Wang 2007), biomass obtained from sandy aquifer (Antizar-Ladislao 
and Galil 2004) and activated carbon (Nelson and Yang 1995). All these studies clearly 
showed that the effect of pH on chlorophenol adsorption was a physio-chemical 
phenomenon and was independent of the types of absorbent.  
 
4.3.3 Effect of pH on the surface properties of acidogenic biomass 
pH, other than affecting the hydrophobicity of the chlorophenols, can also affect the 
surface properties of the biomass and thus changing the hydrophobicity of the adsorbent. 
In order to test the hypothesis that the changing nature of the adsorbent could also 
contribute to enhanced adsorption, 2-CP with a pKa of 8.5 was chosen for study. At pH 
6.5, 99 % of 2-CP is already in its molecular form so any further decrease in pH should 
not result in any change in adsorption if hydrophobicity of chlorophenol was the only 
governing factor on extent of adsorption (Figure 4.4A). It was observed, even with nearly 
99% of 2-CP already in its molecular form, there was a 3.2 times increase in adsorption 
from pH 7.2 to 4.5 (Figure 4.4A). The increase was almost linear with decreasing pH 
except from the pH 5.0 to 4.5 where there was a substantial jump in the adsorption. At the 
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same time, the surface properties of the biomass were found to become increasing 
hydrophobic and less electronegative with decreasing pH (Figures 4.4B and 4.4C). The 
relative hydrophobicity of the measured acidogenic biomass increased from about 18 % 
at pH 7.2 to 26 % at pH 5.0. The zeta potential was reduced from -22 mV to -12 mV and 
ultimately approaching zero between pH 3.5 to 4.0. Although the hydrophobicity test was 
reported not to be a true measurement of hydrophobicity (Busscher et al. 1995), it is still 
an indication of the complicated interplay between long-range van der Waals and 
electrostatic forces and of various short-range interactions arising from the 
microorganisms and the hydrophobic solvent.  
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Figure 4.4 Effect of pH on A) adsorption of 2-CP, B) relative hydrophobicity and C) 




 4.3.4 Effect of the metabolic state of acidogens on adsorption  
Comparison of the three types of biomass (Autoclaved, Active and Dormant biomass) 
showed autoclaved biomass generally had a slightly higher adsorption capacity for both 
2,4,6-TCP and PCP (with an average 10% higher than the rest) (Fig. 4.5). The higher 
adsorption was likely due to the denaturation of the cell wall caused by the high 
temperature which resulted in a larger surface area for adsorption (Hughes and Poole 
1989).  


























































Figure 4.5 Effect of metabolic state of acidogens on adsorption 
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There was, however, no significant difference between the active and dormant biomass 
(Fig. 4.4). The measured surface properties of autoclaved, active and dormant biomass 
did not show large differences (Figures 4.3B and 4.3C) and this suggested that the 
alternating feast and famine phases in the SBR used in this study did not affect the 
biomass overall surface properties and thus adsorption. A similar result was reported by 
Ning et al. (1996) where there were insignificant differences between live and 
metabolically inactive granular anaerobic microorganisms on adsorption. These results 
however differed from observations made on pure cultures where Loosdrecht et al. (1987) 
found that microorganisms under different metabolic states had different surface 
properties and microorganisms were observed to become more hydrophobic during their 
exponential growth phase. A possible explanation for this difference in observations 
could be that the changes in metabolic activities of the acidogens during the feast and 
famine phase of the SBR were not large enough to have a noticeable effect on the 
biomass’s surface properties. As observed in Figure 4.2A, throughout the reaction period 
in the batch test, variation in the MLSS concentration was only 25 % of the initial MLSS 
concentration; the acidogens were most probably not largely in their exponential growth 








4.3.5 Comparison of chlorophenols adsorption between acidogenic and anaerobic 
sludge 
As the acidogenic process had been proposed as an alternative to the conventional 
anaerobic process for the treatment of chlorophenolic wastewaters, it would be of interest 
to determine whether there was dissimilarity between the two different types of biomass 
in terms of sorption. A comparison was made between results obtained from Kennedy et 
al. (1992) and this study (Figure 4.6). Adsorption of 2,4,6-TCP and PCP were both higher 
using anaerobic sludge as compared to acidogenic sludge. Even though the anaerobic 
sludge were equilibrated at temperature of 35 oC, the adsorption of 2,4,6-TCP and PCP 
were still 1.8 and 4.1 times more than the acidogenic sludge with incubation temperature 
at 26 oC respectively.  











Kennedy et al. (1992)



















Figure 4.6 Comparison of the adsorption of 2,4,6-TCP and PCP between anaerobic 
(Kennedy et al., 1992) and acidogenic (this study) biomass at pH 7.2. 
 Note: The derived anaerobic sludge freundlich’s constants were 1) 2,4,6-TCP: K =0.76, 
n = 0.55 and 2) PCP: K = 3.78, n = 0.68. The units used in calculation were in terms of 
µmoles instead of mg. The equilibrium temperature used in the experiments was 35 oC 
and 26 oC for Kennedy et al. (1992) and this study respectively 
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The literature had revealed most acidogens were more hydrophilic and the acetogens and 
the methanogens were more hydrophobic (Daffonchio et al. 1995). Since the low pH in 
the acidogenic reactor had severely inhibited the methanogens and selectively encouraged 
the growth of fermentative microorganisms, the acidogenic sludge would thus be more 
hydrophilic and the anaerobic sludge which would consist of a higher proportion of 
acetogens and methanogens and would be more hydrophobic in nature. Such differences 
in the microbial composition of the anaerobic and acidogenic sludge would have led to 
different adsorption capacity for chlorophenols.   
 
4.4 Conclusions 
Adsorption of chlorophenols under acidogenic condition was affected primarily by the 
solution pH. The variation in pH would have affected the molecular structure of the 
chlorophenols and surface properties of the biomass. A combination of these two factors 
would then lead to enhanced adsorption of chlorophenol at decreasing pH. The variation 
in chlorophenols adsorption when acidogens were cultivated in a batch mode was more 
likely caused by decreasing pH due to fermentation rather than a shift in the acidogenic 
biomass metabolic state from active to dormant phase during each cycle of batch 
operation.  







Acidogenic Sequencing Batch Reactor Start-up Procedures for 
Induction of 2,4,6-Trichlorophenol Dechlorination 
 
Abstract  
Dechlorination of 2,4,6-trichlorophenol to 4-chlorophenol under acidogenic conditions 
(pH 5.6 to 6.5) was successfully induced by manipulating the start-up procedure of an 
acidogenic sequencing batch reactor. A stepwise pH reduction from neutral to acidic 
level during start-up was crucial for inducing dechlorination. Once induced, 
dechlorination can proceed at pH as low as 5.6 before inhibition occurred. Optimum pH 
for maximum dechlorination rate ranged from 6.0 to 6.3. High primary (sucrose) to 
chlorinated (2,4,6-Trichlorophenol) substrate ratio failed to induce dechlorination. 
Instead, dechlorination occurred at primary to chlorinated substrate ratios of less than 103 
M/M. A specific maximum 2,4,6-Trichlorophenol loading rate of  60 µmoles/ g 










5.1 Introduction  
Preliminary results from chapter 3 have suggested that the developed acidogenic culture 
using the previously described start-up procedure did not contain the desired 
dechlorinating microorganisms that were able to dechlorinate chlorophenols. It was likely 
because the acidogenic culture were not acclimated to the chlorophenols. As such, in this 
study, the acclimation of the acidogenic culture to chlorophenol was investigated and the 
protocol for the successful startup of an acidogenic bioreactor for treatment of 2,4,6-TCP 
was described.  2,4,6-TCP was used as the model compound to initiate the study due to 
its lower toxicity on acidogens as compared to PCP, if successful the study can then be 
extended to include PCP. 
 
5.2 Materials and Methods 
5.2.1 Setup of sequencing batch reactor 
Four sequencing batch reactors (2-L Quickfit culture vessel) with 1-L working volume 
each were setup. The mixed liquor in each reactor was homogenously mixed with a 
magnetic stirrer and kept at ambient room temperature (24 to 32 oC but typically at 29 oC). 
The reactors were wrapped with aluminium foil to prevent photolytic degradation of the 
chlorophenol. Biogas was collected using gas bags (Tedlar bag, SKC). All the reactors 
were operated on a 12-hour cycle consisting of 10 min FILL, 10 h 40 min REACT, 1 h 
SETTLE and 10 min DECANT. The hydraulic retention time was 2 days.  
 
The basic feed consisted of sucrose (9000 mg/L), macro and trace elements as described 
in Chapter 3 except that the concentration of trace elements were increased by 5 folds. 
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Subsequently a vitamin supplement was also used – composition described in Chapter 3. 
2,4,6-TCP would first be dosed at 20 mg/L (101.3 μM which was approximate to 100 
µM). 
 
5.2.2 Start-up procedure  
Seed sludge was obtained from an anaerobic digester at a local sewage treatment plant 
receiving a combination of domestic and industrial wastewaters. The seed sludge storage 
container headspace was first purged with N2 before being refrigerated at 4 oC. This 
sludge was used for the seeding of the reactors in experiment 1, 2, 3 and 4. During and 
after the transfer of the seed sludge, the storage container headspace was continuously 
purged with N2 to minimize its exposure to oxygen. Before seeding the reactor, the mixed 
liquor was filtered through a 600 µm sieve. The reactor was purged with N2 after seeding. 
pH was monitored daily and corrected using 1 M sodium hydroxide solution to the 
desired pH range. The initial pH of the mixed liquor in the storage container prior to 
seeding was approximately 7.6. Periodically, reactor effluents were sampled and 
analyzed for 2,4,6-TCP and its metabolites. The start-up procedure was deemed to be 
inappropriate if there was no sign of dechlorination after three times the average solids 
retention time and the reactors had stable pH, residual 2,4,6-TCP and VFAs 
concentration in the effluent. Three times the solids retention time was chosen because it 
is approximately the amount of time required to turn over the biomass when acclimating 
to a new operating condition. The MLSS at steady state typically ranged from 5100 to 
6700, averaging around 6000 mg/L. Initial MLVSS/MLSS ratio was approximately 0.67 
and subsequently it increased and stabilized to an average of 0.84 ± 0.4 after 16 days 
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5.2.3 Experimental phase  
The study was divided into 4 parts as shown in Table 5.1. During experiment 1, reactor 1 
was operated at pH 5.5 right from the start and fed with the basic medium (i.e. sucrose 
concentration of 26.3 mM; 2,4,6-TCP concentration of 100 µM). During experiment 2, a 
fresh sample of sludge was obtained from the storage container. The feed medium in 
experiment 2 was modified and had a reduced sucrose concentration, 900 mg/L, (i.e. a 10 
fold decrease to 26.3 mM) but an additional vitamin supplement. Mixed liquor pH was 
allowed to drop in a stepwise manner from 7.6 to 5.6 at a rate of approximately 0.5 units 
per week. Reactor 2 was operated in the same manner except that 2,4,6-TCP was first 
dissolved in methanol and then fed into the reactor. Methanol concentration in the feed 
was 0.1% (vol/vol). Reactors 3 and 4 were operated similarly to reactors 1 and 2 
respectively except that pH was adjusted immediately to pH 5.5 at Day 0. During 
experiment 3, reactor 1 was seeded with 2,4,6-TCP-dechlorinating acidogenic sludge 
obtained from experiment 2 and had its specific 2,4,6-TCP loading rate increased to 60 
µmoles/ g MLVSS.d Reactors 2 and 3 were seeded with the seed sludge collected at the 
start of experiment 1 to investigate the effect of pH on the startup procedure. Reactor 2 
was used as a positive control with a stepwise reduction in pH whereas reactor 3 had its 
pH controlled at 6.0 from the onset.  In experiment 4, reactors 2, 3 and 4 were again 
seeded with the same seed sludge collected at the start of experiment 1 to investigate the 
effect sucrose loading rate and vitamin supplementation had on dechlorination. The pH 
was allowed to drop in a stepwise manner for all the reactors in experiment 4. Reactor 2 
was used as a positive control, reactor 3 was fed with high sucrose concentration (i.e. 
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basic feed medium with the vitamin supplementation) and reactor 4 was fed with the 
reduced sucrose feed (i.e. 2.63 mM) and without the vitamins supplementation.  
 
Table 5.1 Experimental protocol for investigating factors affecting 2,4,6-TCP 
dechlorination 






in pH, low sucrose 
load #
Increased 2,4,6-










in pH, low sucrose 
load 
Stepwise reduction 
in pH, low sucrose 
load 
3 - pH 5.5, low sucrose load  
pH 6.0, low sucrose 
load  
Stepwise reduction 
in pH, high sucrose 
load 
4 - 






in pH, low sucrose 
load, no vitamins 
supplement 
Note: * high sucrose loading is equal to 13.1 mM/d; # low sucrose loading is equal to 
1.31 mM/d.  
 
5.2.4 Batch test  
The effect of pH and specific inhibitors on the dechlorination rates were investigated 
using 20 mL sample vials (Agilent) as described in Chapter 3. Acidogenic sludge that 
already has 2,4,6-TCP dechlorinating activity was used for all batch test experiments. 
The sludge was obtained from reactor 1 in experiment 2 after the reactor had recovered 
from the pH inhibition at 5.3 (Fig 5.2b) and reached steady state at pH 5.9 after day 145. 
The aim of the pH variation experiment was to determine the optimum pH for the rate of 
dechlorination by acidogenic sludge that already has 2,4,6-TCP dechlorinating activity. 
pH values of 5.0, 5.3, 5.5, 5.8  6.0, 6.3,  6.5, 6.8 and 7.0 were tested. 1 mM of 4-
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Morpholine ethanesulfonic acid (MES) and sodium bicarbonate were used as the pH 
buffer for the range of 5.0 to 7.0. The solution pH in the acidogenic culture was adjusted 
using 0.1 M of NaOH and 0.1 M HCl before the start of the experiment in a 100 % N2 
filled anaerobic glove box (Plas Labs, Michigan) and the sample vials were sealed with 
Teflon-lined butyl rubber stopper and aluminium crimp cap. The culture was mixed using 
a swivel roller mixer and sampled periodically. Inhibitors, 10 mM bromoethanesulfonic 
acid (BES) for methanogens, 2 mM molybdate for sulfate reducing bacteria, and 0.14 
mM vancomycin for gram positive bacteria, were used on the acidogenic culture to 
determine their effect on dechlorination activity. Autoclaved sludge was used as the 
control. The entire batch test experiments were at least replicated twice and if the relative 
standard deviation was more than 10 %, the experiment was repeated again.   
 
5.2.5 Theoretical calculation of changes in Gibbs free energy of formation  
A theoretical calculation on the changes in Gibbs free energy of formation (∆Go) under 
acidic condition was performed to determine if dechlorination at acidic pH was possible. 
Calculation of changes in Gibbs energy of formation from 2,4,6-TCP to 4-CP was chosen 
for discussion because this dechlorination pathway was observed in this study. Due to 
deprotonation of 2,4,6-TCP and 4-chlorophenol (4-CP), there are 3 possible reactions that 
could govern ∆Go (as listed in equations 5.1 to 5.3). By taking into account the relative 
distribution (equations 5.4a and 5.4b) of the different forms of 2,4,6-TCP and 4-CP at 
different pH ranges, the total change in Gibbs free energy of formation (∆Go) could be 
calculated by the summation of ∆Go of either equations 5.1 and 5.2 or equations 5.2 and 
5.3  (equation 5.5). Details of the calculation are found in Appendix A1. ∆Go is 
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calculated based on the following conditions: H2 as the sole electron donor; H2 is used 
because of its representativeness in calculation, other electron donors will also yield the 
same relationship, all reactants and products except for H+ concentration have a 
concentration of 1 M and temperature set at 25oC.  Values of Gibbs free energy formation 
were obtained from Dolfing and Harrison (1992) and Madigan et al. (2003)   
2,4,6-TCP + 2H2 = 4-CP + 2H+ + 2Cl-  (5.1) 
2,4,6-TCP- + 2H2 = 4-CP + H+ + 2Cl-  (5.2) 












+= + ][1α  (5.4b) 
ooo GGG 2110 Δ+Δ=Δ αα    (5.5) 
 
5.2.6 Analytical procedures 
2,4,6-TCP and its metabolites were identified and quantified using gas chromatography 
mass spectrometry equipped with a single quadrupole analyzer (QP 2010, Shimadzu, 
Japan) as described in Chapter 3. Mass spectra and the retention time of individual mono 
and dichlorophenol isomers were used to identify the metabolites produced. Due to the 
huge amount of samples generated during the monitoring of the reactor performance at 
different experimental phase and high demand of GCMS from other users, concentrations 
of the chlorophenols in the effluent were analyzed once. If the internal standard’s area 
deviates by more than 10 %, from the average, a fresh sample of effluent was taken from 
the reactor and reanalyze again. Detection methods for biogas and VFA have been 
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described in Chapter 3 while hydrogen sulfide was detected by gas chromatography with 
a flame photometric detector.  
 
5.3 Results  
5.3.1 Changes in Gibbs free energy formation under acidic condition 
The relationship between ∆Go (H2 as the electron donor and 2,4,6-TCP as the electron 
acceptor) and pH is shown in Figure 5.1. It was found lowering the pH from 9.0 to 5.0 
would only have resulted in an energy reduction of 20 kJ/mol - approximately 6 % of the 
potential amount of energy that could have been derived from the metabolic reaction 
shown earlier in the materials and methods section. Thus dechlorination can proceed 
because there would have been little lost of energy due to lowering pH. This hypothesis 
was further investigated in the subsequent experimental work. 

































Figure 5.1 Relationship between pH and ∆Go of 2,4,6-TCP and H2
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5.3.2 Stepwise pH reduction to induce 2,4,6-Trichlorophenol dechlorination under 
acidic condition 
In experiment 1, an acidogenic reactor (reactor 1) was acclimated with 2,4,6-TCP at pH 
5.5 from Day 0. The reason for the sharp drop in pH from onset was to inhibit 
methanogenic activity quickly (Oh et al. 2003). However, reactor 1 could not 
dechlorinate 2,4,6-TCP after nearly 3 months of operation. From these preliminary results 
and the literature (Armenante et al. 1993), a shock lowering of pH could also have 
inhibited dechlorination. The startup procedure was, subsequently, modified and in 
experiment 2, the pH was decreased in a stepwise manner (pH value of 0.5 per week) 
from 7.6 to 5.6 (Fig 5.2A). Reactor 1 then showed dechlorination after the 14th day of 
operation at pH 5.6 (Fig 5.2A). 2,4-dichlorophenol (2,4-DCP) was the dominant 
metabolite within 28 days, which was completely transformed to 4-CP within 50 days. 
The reactor pH was then operating at 5.8.  
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Figure 5.2 Effect of pH on acidogenic dechlorination (Experiment 2, Reactor 1). (A) 
Stepwise reduction in pH coupled with 2,4,6-TCP dechlorination and, (B) Inhibition 
of dechlorination at pH 5.3. 
 
The sludge was sampled after 10.5 h of reaction - near the end of the REACT phase - at 
pH 5.8 and was subjected to solid phase extraction to determine if 2,4,6-TCP or 2,4-DCP 
had adsorbed onto the biomass in accordance with the protocol described in Chapter 3. 
2,4,6-TCP was not detected on the biomass although approximately 0.3 ± 0.04 mg/g and 
0.5 ± 0.03 mg/g of 2,4-DCP and 4-CP respectively were found adsorbed onto the biomass 
obtained from reactor 1, experiment 2. Similar solid phase extractions were done for rest 
of the acidogenic SBR that had different start-up procedures (Table 5.2). It was found 
that for an acidogenic SBR that developed 2,4,6-TCP dechlorinating activity, removal of 
2,4,6-TCP and 2,4-DCP via adsorption was negligible. 
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Table 5.2 Amount of chlorophenols adsorbed onto biomass 60 days after startup 
Chlorophenols adsorbed onto biomass (mg/g) Experiment/ 
Reactor 
Biomass obtained from 
various startup procedures 2,4,6-TCP 2,4-DCP 4-CP 
E2/R1 Positive Control ND 0.30 ± 0.04 0.50 ± 0.03 
E4/R4 No Vitamin supplement ND 0.67 ± 0.07 0.41 ± 0.04 
E2/R2 Methanol as cosolvent ND 0.41 ± 0.06 0.54 ± 0.06 
E4/R3 High P/C ratio 0.98 ± 0.11 ND ND 
E3/R3 pH 6.0 from Day 0 1.07 ± 0.12 ND ND 
Note: Standard deviation was calculated from two sets of biomass collected on Day 60 
after startup  
 
 
In order to determine the lower pH limit for dechlorination, the pH was later decreased to 
5.3 on day 91. At this point, inhibition occurred and 2,4-DCP accumulated, followed by 
accumulation of 2,4,6-TCP (Fig 5.2B). Although pH was adjusted back to 5.9 on day 97, 
dechlorination activity could not be recovered and had completely ceased on day 100. 
After maintaining reactor 1 at pH 5.9 for 30 days at the same operating condition, it fully 
recovered from the pH inhibition on day 120. The presence of intermediate 2,4-DCP can, 
therefore, an indicator in accessing acidogenic dechlorination performance.   
 
Apparently, pH strongly influenced the acidogenic biomass’s ability to dechlorinate 
2,4,6-TCP. Thus, the working pH range for 2,4,6-TCP dechlorination was determined 
using the batch serum bottle test (Figure 5.3). The maximum dechlorination rates were 
found to occur at pH 6.0 and 6.3. After 8 hours of treatment, it was found that 2,4,6-TCP 
was mostly transformed to 4-CP. Dechlorination did not occur at pH 5.0, whereas at pH 
5.3, the reaction was approximately 5 times slower than the maximum dechlorination rate. 
Dechlorination was also found to proceed at neutral pH although the rate was then 
approximately 2 times slower. Since the seed sludge was obtained from reactor 1, 
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experiment 2 after day 145, it was likely that both the acidogens and the dechlorinators 
has been enriched and acclimated to the pH of 5.8 and 6.0. With the necessary 
dechlorination enzymes present, the pH inhibition at 5.3 or at 7.0 was a reflection on how 
pH variations can affect dechlorination activity.  
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Figure 5.3 2,4,6-TCP degradation profile to 4-CP at different pH by seed sludge 
obtained from Experiment 2, Reactor 1. Errors bar represent the standard 
deviation of 2 set of experiments. 
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5.3.3 Start-up procedure favourable for acidogenic 2,4,6-TCP dechlorination 
In experiment 2, acidogenic 2,4,6-TCP dechlorination was successful by incorporating 
success factors drawn from experiment 1.  These were stepwise reduction in pH, lower 
sucrose concentration, and addition of a vitamin supplement. Experiments 2, 3 and 4 
were conducted to determine which factor was most influential (Figure 5.4, Table 5.2). In 
the 3 positive control track runs with stepwise pH reduction (Experiment 2 - Reactor 1; 
Experiment 3 – Reactor 2 and Experiment 4 - Reactor 2), the total lag time for the 
degradation of 2,4,6-TCP ranged from 14 to 23 days (Table 5.2). However, for reactors 
that were operated at pH 6.0 and pH 5.5 from the beginning (2.5 mM sucrose), no sign of 
dechlorination was noted even after 90 days of operation, indicating that stepwise 
reduction in pH was crucial in inducing 2,4,6-TCP dechlorination. This is so despite the 
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Figure 5.4 Reactors performance under different operating conditions A) Addition 
of methanol, B) No vitamin addition, C) pH 6 from Day 0 and D) Primary to 





















Experiment 3, Reactor 3




















Table 5.3 Factors affecting the 2,4,6-TCP dechlorination under acidogenic condition 
Experiment /Reactora Factors No of run 
Dechlorination 
activity: 
TCP to 4CP c






E2/R1, E3/R2, E4/R2 Positive Control b 3 + 14 – 23 24 
E4/R3 High P/C 1 - - 27 
E3/R3 pH 6.0 from Day 0 1 - - 21 
E2/R3 pH 5.5 from Day 0 1 - - 13d
E4/R4 No Vitamin supplement 1 + 16 30 
E2/R2 Methanol as cosolvent 1 + 45 26 
Note: a E represents the experiment phase and R represents the reactor number. b Positive Control run is defined as the acidogenic 
reactor that was fed with a low P/C ratio and vitamin supplement and pH was reduced in a stepwise manner. c positive sign mean 
complete transformation of 2,4,6-TCP to 4CP and negative sign mean no sign of dechlorination even after 3 times the SRT.                  




The primary to chlorinated organic ratio (P/C ratio) was also an important factor. In 
experiment 4, when reactor was fed with a high P/C ratio (26.3 mM of sucrose with 
respect to 100 µM of 2,4,6-TCP) and with pH decreased in a stepwise manner, 
dechlorination did not take place. 
  
Later, the specific loading rate of 2,4,6-TCP in Reactor 1 in experiment 3 was increased 
to determine its maximum loading (while keeping sucrose concentration constant), the 
reactor successfully removed nearly 98% of 2,4,6-TCP up to a specific loading rate of  39 
µmoles/ g MVLSS.d (Figure 5.5). However, when 50 µmoles/g MLVSS.d was applied, 
2,4,6-TCP removal declined to about 80%. Reactor failure became apparent (indicated by 
increasing amount of 2,4-DCP from nearly zero to about 93 µM in the effluent) and 
2,4,6-TCP accumulate rapidly from 20 µM to 180 µM  when 2,4,6-TCP was increased to  
60 µmoles/ g MLVSS.d. A mass balance analysis of 2,4,6-TCP indicate that 
approximately 66 % was degraded to 4-CP (Table 5.4). The unaccounted mass could be 
degraded to other metabolites which I am unable to identify in this study.   
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Figure 5.5 Specific loading rate of 2,4,6-TCP on acidogenic bioreactor (Experiment 
3, Reactor 1) 
 
 
Table 5.4 Mass balance of 2,4,6-TCP and its dechlorination metabolites 
 Residual  Dosed 2,4,6 TCP 







50  N.D. N.D. 31.7 ± 10.4 63.4 
150  4.80 ± 0.37 2.80 ± 0.3 91.7 ± 17.6 66.2 
250  48.3 ± 10.3 10.9 ± 3.7 117 ± 8 70.5 








5.3.4 Dechlorination activity inhibitors  
Although the reactor was operated in the acidogenic phase, there was methane production 
(10 to 25 % methane in the gas phase). This was likely due to the long mean cell 
residence time (>20 days) and the stepwise reduction in pH. The methanogens could have 
acclimated to the low pH environment. In order to verify methanogens and other sulfate 
reducing bacteria were not responsible for the dechlorination observed, inhibitors on 
specific microbial communities were applied. Dechlorination was severely inhibited by 
the presence of vancomycin (78 % inhibition). Production of volatile fatty acids (e.g. 
acetic and propionic acid) was also reduced drastically (Table 5.5). However, with BES, 
CH4 production was severely inhibited (96 % inhibition) while 2,4,6-TCP degradation 
was unaffected. Molybdate was found to partially inhibit 2,4,6-TCP degradation (54 % 
inhibition). The acidogenic culture developed did not show any sulfate reducing activity 
(as hydrogen sulfide was not detected in the headspace gas). This was within expectation 
as the total amount of sulfate in the feed medium is 460 μM which would translate to a 
maximum of 460 μM of H2S given by the following two equations  
1) 4H2 + SO42- → S2- + 4H2O  














Table 5.5 Effect of inhibitors on the biodegradation of 2,4,6-TCP 
































































(34) N.D. N.D. 
Note: Dosed 2,4,6-TCP and sucrose concentrations were 25 µM and 0.625 mM 
respectively (26.3 P/C ratio). Metabolites were measured at the end of 12 hrs. Results 
were the average of triplicates and values in brackets are the standard deviations. 
a inhibition calculated with respect to the control where no inhibitors were added. b VFA 
comprised acetic and propionic acids converted to COD mg/L. c N.D. – not detected. FeS 
maximum level is 28 μM. d Gas composition in the head space 
 
5.4 Discussion  
Even though an acidic environment could possibly allow for enrichment of dechlorinators 
against methanogens, to date, studies on anaerobic reductive dechlorination had focused 
almost entirely on conditions at pH of 7.0 to 8.0 This is not surprising as numerous 
studies on pure cultures showed the optimum pH for dechlorination was typically under 
slightly alkaline conditions and dechlorination slowed under acidic conditions 
(Armenante et al. 1993; Chang et al. 1999; Villemur et al. 2006). Such observations could 
have resulted from the way experiments had been conducted to investigate pH influence 
on dechlorination. Usually, biomass with dechlorinating ability (at neutral pH) was 
exposed to various pH environments in serum bottle tests. The sludge conceivably did not 
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have adequate opportunity to acclimate to the sudden pH change and this had led to a 
reduction in dechlorination capacity. In this study, the acclimation process to low pH 
conditions was found to be the critical element in inducing dechlorinating activity. A seed 
sludge, which demonstrated dechlorinating activity after appropriate start-up, did not 
show such activity even after 90 days when challenged with a sharp pH change to pH 6.0 
during start-up.  
 
The results of this study indicated that the pH range of 5.6 to 6.0 was most effective for 
inhibiting methanogenic activity (CH4 composition was then 5 to 10 % versus 60 to 70 % 
at neutral pH and at the same 2,4,6-TCP exposure) while at the same time maintaining 
dechlorination activity, and thereby enriching the dechlorinators. Results from the 
inhibition test (BES) suggested that methanogens were not involved in the dechlorination 
process. 2,4,6-TCP dechlorination may be dependant on fermentation activities as 
reductive dechlorination was observed with reduction in VFA generation (results from 
vancomycin inhibitor test). This suggested a symbiotic relationship between the 
fermentative bacteria and dechlorinators, which was also suggested by Lanthier et al. 
(2005). They studied the spatial distribution of Desulfitobacterium hafniense in PCP-
degrading granules and found that the D. hafniense was always found together with 
fermentative bacteria on the outer layer of granules. The likely reason for the close 
proximity between these two groups of microorganisms is to allow rapid electron transfer.  
 
The P/C ratio was the other factor that affected dechlorination activity during startup. A 
high sucrose loading resulted in a significant change in the microbial community profile 
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with the relative abundances of the dominant bacteria different from communities 
subjected to a lower P/C ratio. The high sucrose content could have selectively enriched 
the fermentative bacteria, leading to their rapid growth and dominance in the system. The   
fermentative bacteria can out-compete dechlorinators for nutrients leading to 
unfavourable growth condition for the latter. Further to this, the reason for the inactivity 
in dechlorination due to high P/C ratio is not entirely clear at this stage. Nevertheless, the 
results of this study has implication on dechlorination under acidogenic conditions – there 
is a limit on the applied non-chlorinated organic load (and this is also likely relative to the 
chlorinated organic load) during start-up and perhaps during operation as well.   
 
The startup procedure was compared with other studies on acidogenic dechlorination of 
chlorinated organics. Piringer and Bhattacharya (1999) conducted a treatability study on 
pentachlorophenol (PCP) dechlorination under acidogenic condition, in which PCP 
toxicity was suggested to have an adverse effect on the acidogenic biomass capability to 
dechlorinate the chlorinated compounds. A closer look at their operating conditions 
suggested that there could be other factors at play. The P/C ratio of 528 M/M was higher 
than the working P/C ratio that had induced dechlorination in this study. The P/C ratio in 
addition to PCP toxicity could be the reasons for failure to enrich the dechlorinating 
microorganisms under acidogenic condition. In another similar study, Chin et al. (2005) 
investigated 2,4-dichlorophenoxyacetic acid degradation at acidogenic conditions of pH 
4.5 to 5.0. 2,4-dichlorophenoxyacetic acid degradation occurred only after a long 
acclimation period of 100 days. Their operating P/C ratio of 57.9 was within the working 
range defined in this study which suggested the importance of primary to chlorinated 
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organic ratio. Likewise, in their study, the acclimation process on how to achieve 
dechlorination activity of the seed sludge from the neutral to acidic condition was not 
clear. Perhaps, the lower pH range could have been the reason for the longer acclimation 
period.  
 
Performance of the acidogenic process was comparable to the conventional anaerobic 
process. In this study, the 2,4,6-TCP degradation lag phase ranged from 14 to 45 days for 
startup when pH was reduced in a stepwise manner to pH 5.6-6.0, whereas the lag time 
for the conventional anaerobic process at pH 7.0 was reported to be as short as 5 to 20 
days to as long as 190 - 215 days (Ye and Shen 2004; Garibay-Orijel et al. 2005; 
Majumder and Gupta 2007). In terms of treatment efficiency, the acidogenic reactor 
achieved 98% removal up to 200 µM/d of 2,4,6-TCP and started to fail at 300 µM/d of 
2,4,6-TCP. Maximum treatment efficiency achieved by the anaerobic process for 2,4,6-
TCP was reported to an average of 99% for loading of 198 to 400 µM/d (Armenante et al. 
1999; Garibay-Orijel et al. 2005). The dechlorination pathway of 2,4,6-TCP to 4-CP via 
2,4-DCP was similar in both the acidogenic and anaerobic processes, indicating that the 









In conclusion, this study has demonstrated the possibility of 2,4,6-TCP dechlorination 
under acidic conditions and hence the use of the acidogenic process for treatment of 
chlorophenol contaminated wastewater.  The start-up protocol is an important feature in 
successful acidogenic dechlorination, which established guidelines for appropriate startup. 
Acidogenic dechlorination offers an alternative strategy for selection of dechlorinators 
against methanogens and provides an alternative strategy for treatment of acidic effluents 


















Pentachlorophenol dechlorination by an acidogenic sludge  
Abstract               
The feasibility of using acidogenic treatment for removal of pentachlorophenol (PCP) 
was investigated. When the acidogenic sludge had first been acclimated with 2,4,6- 
trichlorophenol (2,4,6-TCP), PCP could be ortho-dechlorinated to 3,4,5,-trichlorophenol 
(3,4,5-TCP) with 2,3,4,5-tetrachlorophenol as the intermediary. However, due to PCP’s 
higher hydrophobicity and its higher expected Gibbs free energy yield, it was 
preferentially adsorbed and dechlorinated as compared to 2,4,6-TCP.  This resulted in 
inhibition of 2,4,6-TCP dechlorination. Attempts to induce further meta or para position 
dechlorination using meta position chlorophenols, (2,3,6-TCP, 3,4,5-TCP and 3,5-DCP) 
failed. PCP removal under acidogenic condition was attributed to both adsorption and 
degradation. Dechlorination was the dominant removal mechanism (69 % of total 
removal) at low PCP loads of 0.48 µmoles/ g MLVSS.d while at the higher PCP load of 
9.3 µmoles/ g MLSS.d, adsorption was the main mechanism (82 % of total removal). In a 
time constrained process adsorption became important in the latter case because of PCP’s 
slow dechlorination. Overall, acidogenic biotreatment was effective as a pretreatment 







6.1 Introduction  
In chapter 5, feasibility of dechlorinating 2,4,6-TCP under acidogenic condition by 
careful manipulation of the startup procedure have been demonstrated. This 
dechlorination phenomenon under acidogenic condition was further investigated with 
PCP in this chapter.  
 
6.2 Materials and Methods 
6.2.1 Reactor setup 
Four 1-litre working volume acidogenic sequencing batch reactors (SBR) (Quickfit 
culture vessel, FV2L) with a hydraulic retention time (HRT) and solids retention time 
(SRT) of 2 and 21 - 30 days respectively, were setup and operated as described in 
Chapter 5. The basic feed comprised sucrose (900 mg/L) and sodium bicarbonate (500 
mg/L), and nutrient and vitamin supplement solutions (Chapter 5). At steady state, the 
average MLSS was 6000 mg/L and MLVSS/MLSS ratio was approximately 0.84. The 
2,4,6-TCP and PCP influent concentrations to the four reactors were varied (Table 6.1). 
Reactor 1 was fed with 2,4,6-TCP (100 µM), thus acting as a positive control. Reactor 2 
was fed with PCP only (37.6 µM). Reactors 3 and 4 were fed with both 2,4,6-TCP (100 
µM) and PCP (37.6 µM). All reactors except for Reactor 4 were seeded with anaerobic 
digester sludge obtained from a wastewater treatment plant receiving a mix of domestic 
and industrial wastewaters. Reactors 1, 2 and 3 were acclimated to the acidogenic 
condition by a stepwise reduction in pH (7.5 to 5.8). Meanwhile, reactor 4 was seeded 
with an acidogenic sludge already showing 2,4,6-TCP dechlorinating activity with pH 
maintained at 5.8.  This was obtained from a reactor used in Chapter 5. After 2 months of 
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operation, the hydraulic retention time of reactor 4 was increased to 4 days - by 
increasing the reaction cycle time from 640 to 1360 mins - to allow for a longer 
dechlorination period. On Day 120, the PCP dosed concentration was restored to 37.6 μM 
and operated until the 6 month.  
 
6.2.2 Effect of PCP loading on its adsorption and dechlorination  
The effect of PCP substrate on its removal efficiency was conducted using batch tests. 
All seed sludge was obtained from reactor 4 after day 90 when stable dechlorination 
performance was observed continuously for a period of 5 HRT (Figure 6.1).  






















Figure 6.1 Performance of Reactor 4 over a period of 6 months 
Initial PCP concentrations ranged from 19 to 188 µM. Each batch culture (20 mL 
sampling vial, Agilent) contained 2.5 mL of feed medium and 7.5 mL of the seed sludge 
(with an average MLSS of 6000 mg/L). 3 types of control (a blank containing only the 
feed medium with PCP, a control containing the sludge without PCP, and a control 
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containing the autoclaved sludge with feed medium and PCP) were included in each 
experiment. Two replicates were performed. At the end of the experiment (4 days), the 
PCP and its metabolites adsorbed onto the acidogenic sludge were determined by solid 
phase extraction as described in Chapter 3. The amount of PCP dechlorinated was 
determined by the amount of 3,4,5-TCP produced. The total removal of PCP was 
determined by differences between initial dosed of PCP and the residual PCP in the 
aqueous phase. The potential inhibitory effect of high PCP loads on dechlorination was 
quantified and compared using the initial specific dechlorination rate of PCP in the 













−==   (6.1) 
Where k is the average specific PCP degradation rate (µmoles/g MLVSS.d); [PCP]aq is 
the measured PCP concentration in the aqueous phase (µM) and X is the concentration of 
the acidogenic biomass (g MLVSS/ L). The initial specific PCP dechlorination was 
chosen because it will greatly reduce the chances of other factors such as product 
inhibition from setting in and distorting the data (Cornish-Bowden 2004). The result from 
the 0th to 3rd hour was not included in the degradation kinetics because sorption 
dominates during the initial 30 mins and PCP dechlorination typically starts from the 3rd 
hour.      
 
6.2.3 Effect of initial aqueous concentrations of PCP on its dechlorination kinetics  
The effect of initial PCP aqueous concentration on the dechlorination rate was 
investigated using a co-solvent (methanol) and non-ionic surfactants (Tween 20, Tween 
80 and Triton X100). The experiment setup was similar to the batch degradation 
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experiment except 20 mL culture volumes were used. Methanol at final volumes of 0.1 
and 1.0 % (v/v) in the culture medium were investigated. These concentrations were 
chosen because they represent the lower and upper limits in which methanol 
concentration were found to have enhanced solubility of PCP in the aqueous phase 
(Morris et al. 1988) and at the same time not inhibitory to the fermentation activity (Table 
6.1). 
Table 6.1 Effect of methanol concentration on fermentation activity 1
VFA concentration after 12 hrs of reaction Methanol (%) 
(vol/vol) Acetate (mM) Propionate (mM) Butyrate (mM) 
0 1.42  ± 0.19 - 1.28 ± 0.21 
0.1 1.54 ± 0.12 - 1.39 ± 0.14 
1.0 0.52 ± 0.11 0.27 ± 0.06 1.69 ± 0.19 
1 Dosed sucrose concentration was 2.63 mM 
 
In the case of surfactant addition, concentrations of 5, 200 and 1000 mg/L in the culture 
medium were tested, since the critical micelle concentrations (CMC) for Tween 20, 
Tween 80 and Triton X100 were 61, 13 and 150 mg/L respectively (Hait and Moulik 
2001). At concentrations less than CMC, the surfactants were not able to form micelle. At 
concentrations above CMC, all the surfactants can actively form PCP-micelle complex 
and enhance the apparent solubility of PCP in the solution. 1000 mg/L of surfactants 
represent the upper limit which can affect dechlorination of PCP. In addition to the 3 
types of controls, a positive control consisting of the PCP-dechlorinating acidogenic 
sludge incubated with the feed medium and PCP, without the surfactants was also 
included in the study. The amount of initial aqueous PCP concentrations was defined as 




6.2.4 Competitive adsorption of PCP and 2,4,6-TCP  
The competitive adsorption between PCP and 2,4,6-TCP was studied using non-
dechlorinating acidogenic sludge. The sludge was cultivated as described earlier except 
that it was not exposed to either 2,4,6-TCP or PCP. The Freundlich adsorption isotherm 
was obtained as described in Chapter 4. Individual PCP and 2,4,6-TCP adsorption 
isotherm were determined and compared with the adsorption isotherm derived when both 
PCP and 2,4,6-TCP in the ratio of 1:1.4 (M/M) were present together.    
 
6.2.5 Calculations of changes in Gibbs free energy of formation 
The calculation of the changes in Gibbs free energy of formation at various pH was 
described in Appendix A1. The individual values of Gibbs free energy of formation (i.e. 
PCP, 3,4,5-TCP, 2,4,6-TCP, 4-CP,  H2 and Cl-) were obtained from both Dolfing and 
Harrison (1992) and Madigan et al. (2003). 
 
6.2.6 Analytical procedures 
All the chlorophenols after derivatization with acetic anhydride were identified and 
quantified using Gas chromatography-mass spectrometery equipped with a single 
quadrupole analyzer (Shimadzu, QP2010, Japan) as described in Chapter 3. Sucrose 
concentrations were determined using the phenol-sulfuric acid method (DuBois et al. 
1956). In brief, 1 mL of sample was added into 1 mL of 5% (w/v) phenol solution, after 
which 5 mL of concentrated sulfuric acid was added and allowed to react at room 
temperature. Finally, the solution’s light absorbance at 490 nm was measured. VFAs 
were determined using gas chromatography equipped with flame ionization detector 
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described in Chapter 3. MLSS and MLVSS were determined in accordance with the 
Standard Methods (APHA 1998).  
 
6.3 Results  
6.3.1 PCP dechlorination by 2,4,6-TCP acclimated acidogenic sludge 
In Chapter 5, the importance of startup procedure in inducing dechlorination of 2,4,6-
TCP under acidogenic condition was reported. This hypothesis was further investigated 
to determine whether PCP dechlorination could be induced using a similar startup 
strategy. Reactor 1, 2 and 3 were seeded with fresh anaerobic sludge that was collected in 
the earlier study. .During the startup period, pH in Reactor 1, 2 and 3 were decreased 
from 7.6 to 5.8 using a stepwise reduction approach of approximately 0.5 units per week. 
Reactor 1 which was fed with 2,4,6-TCP, developed dechlorinating activity within a 
month of acclimation (Table 6.1). However for reactor 2 and 3 which were fed with PCP, 
the acclimation procedure did not induce any PCP dechlorinating activity even after 3 
month of operation. In addition, reactor 3 which was fed with 2,4,6-TCP together with 
PCP, 2,4,6-TCP was not dechlorinated. However, PCP dechlorination was only induced 
in Reactor 4 which was seeded with an acidogenic sludge that already had 2,4,6-TCP 
dechlorinating activity. The data thus suggested that introduction of PCP during the 
startup phase had a detrimental effect on the induction of chlorophenol dechlorinating 








Table 6.2 Comparison of reactors fed with different chlorophenol isomers and inoculated with different seed sludge 
 






1 2,4,6-TCP Anaerobic digester + (2,4,6-TCP to 4-CP) Ortho 26 HAc, HPr 
2 PCP Anaerobic digester - - - HAc, HBu 
3 2,4,6-TCP & PCP Anaerobic digester - - - HAc, HBu 




(PCP to 3,4,5 TCP) Ortho 14 HAc, HBu
c
Note: a negative sign indicate that there is no sign of dechlorination even after 3 months. b HAc, HPr and HBu represent acetic, 
propionic and butyric acid respectively, c the VFA profile shifted from (HAc, HPr) to (HAc, HBu, valeric and Caproic acid) and 






6.3.2 Ortho dechlorination of PCP to 3,4,5-TCP 
Dechlorination of PCP by 2,4,6-TCP acclimated acidogenic sludge in Reactor 4 was 
observed after approximately 14 days of operation (Figure 6.2A). PCP was dechlorinated 
at the ortho position resulting in the formation of 2,3,4,5-TeCP in the first 2 days  and 
subsequently to 3,4,5-TCP. The position of dechlorination was similar to that of 2,4,6-
TCP suggesting the degradation enzyme responsible for PCP dechlorination was 
essentially the same. However, feeding of PCP severely inhibited dechlorination of 2,4,6-
TCP (Figure 6.2B). Within 3 days introduction of PCP (37.6 µM), the dechlorination 
activity for 2,4,6-TCP completely ceased. At the same time, the sucrose removal 
efficiency decreased from 99 % to 83 % during the 1st week and the fermentation profile 
of VFA changed. Initially it was dominated by acetic (16 %) and propionic acid (84 %), 
subsequently, there was the formation of higher order VFAs such as butyric, valeric and 
caproic acid but later it stabilized to acetic (53 %) and butyric acid (47 %) after day 52 
(Figure 6.2C). Initially it was thought that the high loading of 2,4,6-TCP (50 µM/d) and 
PCP (18.8 µM/d) were the cause of inhibition on fermentation and dechlorination activity 
because (Krumme and Boyd 1988) reported that at 2,4,6-TCP and PCP loadings above 31 
µM/d and 6 µM/d respectively, inhibition on dechlorination will set in. Thus, high 
loading of 2,4,6-TCP and PCP might have resulted in the inhibition and hence the 
chlorophenol loads were reduced by two fold on day 8. However, reduction in loading 
did not improve the situation, 2,4,6-TCP remained undegraded and the fermentation 
profile remained dominated by acetic and butyric acid. Such a shift in the VFA profile 
has major implication for the performance of downstream methanogenic process in which 
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the methanogenic reactor may not be able to adapt to the sudden change in substrate (Van 
Lier et al. 1993).  
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Figure 6.2 Initial adaptation of 2,4,6-TCP dechlorinating acidogenic sludge to PCP 
in Reactor 4 A) Dechlorination of PCP to 3,4,5-TCP, B) Inhibition of 2,4,6-TCP 
dechlorination, and C) VFA profile change 
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Stable performance of Reactor 4 was reached approximately after 3 months of operation 
(PCP feed concentration at 18.8 µM and HRT of 4 days), with 3,4,5-TCP as the end 
product of PCP dechlorination. However, the presence of 3,4,5-TCP remained 
unacceptable for discharge. Therefore, attempts were made to induce meta/para 
degradation so as to achieve full dechlorination. Fresh anaerobic digester sludge was 
acclimated with 2,3,6-TCP, 3,4,5-TCP and 3,5-DCP individually to induce meta/para 
degradation with the same startup procedure in another set of experiment. However, after 
almost 90 days of incubation, the chlorophenols with chloro functional group at the meta 
and para position remained undegradable. Only 2,3,6-TCP was degraded to 2,3-DCP.  
 
6.3.3 PCP removal by adsorption and dechlorination 
The acidogenic process was able to achieve 85 % removal efficiency up to a specific PCP 
load of 9.3 µmoles/ g MLVSS.d with an average residual concentration of 28 µM (Figure 
6.3). The low residual PCP concentration achieved was favorable for the subsequent 
methanogenic process after pretreatment by the acidogenic process. The removal 
mechanisms were attributed to both adsorption and dechlorination. From Figure 6.3B, it 
is apparent that at low PCP load, dechlorination was the dominant mechanism for the 
removal while at high PCP load, adsorption played the main role in its removal. For 
example, at PCP dosed of 188 µM, adsorption and dechlorination each contributed each 
contributed 97 % and 3 % respectively to the total removal.  
 
Typically, in each batch degradation experiment, adsorption would constitute the initial 
removal. This was usually rapid, within 30 mins of contact time. Dechlorination was 
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much slower and required approximately 4 days to remove the remaining 6 µM of PCP 
(Figure 6.4). The dechlorination rate of PCP was much slower than of 2,4,6-TCP as it 
took nearly 7 days to remove 9.4 µM of PCP as compared to 8 hrs for 25 µM of 2,4,6-
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Figure 6.3 Removal mechanism of PCP under acidogenic condition. A) Effect of 
PCP loading on its initial and the average specific dechlorination rate, B) Effect of 
PCP loading on PCP removal efficiency at the end of 4 days of incubation, and C) 
Residual PCP, amount of PCP adsorbed onto biomass and amount 3,4,5-TCP 
formed at the end of 4 days of incubation. Note: the error bars present the standard 
deviation of 2 sets of experiments. 
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Figure 6.4 Typical adsorption and dechlorination profile of PCP during each batch 





6.3.4 Effect of initial PCP aqueous concentrations on its dechlorination kinetics  
The slow kinetics of PCP dechlorination could be due to a number of reasons: 1) lack of 
electron donors – VFAs or H2 for degradation due to inhibition of the fermentation 
activity, 2) low initial PCP aqueous concentrations which according to the Monod’s 
equation will decrease the substrate utilization rate (Christofi and Ivshina 2002) and 3) 
PCP substrate inhibition on its own dechlorination. These factors were investigated to 
determine the likely cause for the slow kinetics 
 
Firstly, additional electron donors – butyrate (10 mM), propionate (10 mM), acetate (10 
mM) and hydrogen (1 mL) were added together with 25 mM of sucrose in batch 
experiments at PCP dosed concentration of 37.6 µM. But, there were no significant 
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differences between cultures dosed with additional electron donors and the control 
without the additional electron donors (Table 6.3). 
 
Table 6.3 Effects of chemical additions on the residual concentrations of PCP and its 
metabolites after 7 days of incubation a
Residual concentrations 






Control (No addition) 2.2 ± 0.8 0.34 ± 0.10 34.1 ± 2.1 
VFAs (30 mM)b & H2 (1 mL) 1.8 ± 1.1 0.49 ± 0.12 34.4 ± 2.4 
Methanol (0.1 % v/v) 2.4 ± 0.7 0.76 ± 0.08 39.1 ± 1.8 
Tween 20 (5 mg/L) 2.2 ± 0.6 0.93 ± 0.05 32.7 ± 0.7 
Tween 80 (5 mg/L) 1.7 ± 0.6 0.81 ± 0.06 35.3 ± 1.3 
Triton X100 (5 mg/L) 2.3 ± 1.2 0.68 ± 0.16 36.2 ± 2.7 
a Initial dosed of PCP and sucrose were 37.6μM and 26.3 mM respectively b VFAs 
composition consist of acetate (10 mM), propionate (10 mM) and butyrate (10 mM). 
Standard deviation obtained from two sets of experiments. 
 
Secondly, as the initial PCP aqueous concentrations (7 µM) in reactor 4 was lower than 
the 25 µM of initial 2,4,6-TCP in reactor 1, the differences in kinetics maybe due to 
different initial substrate concentrations. Hence methanol and surfactants were added to 
enhance the amount of PCP in the aqueous phase in order to investigate the effect of 
initial PCP aqueous concentration on dechlorination kinetics.  
 
At low concentrations of surfactant (5 mg/L, below the critical micelle concentration, 
CMC) and 0.1 % of methanol, there was no significant increase in PCP aqueous 
concentration as compared to the control (Table 6.3). At concentrations above the CMC, 
there was increase in PCP aqueous concentrations and its metabolites (3,4,5-TCP) (Table 
6.4).  
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Table 6.4 Effect of co-solvent and surfactants on 1) PCP adsorption capacity and its 
degradation kinetics and 2) Fermentation activity. 
 




















































































Note: Values in the bracket represent the standard deviation of 2 set of experiments.         
a Initial dosed PCP concentration of 37.6 µM. b The higher than expected initial PCP 
aqueous concentrations was due to the desorption of PCP that was originally absorbed on 
to the seed sludge. c N.A. = Not applicable 
 
Tween 80 had the highest effect in increasing PCP aqueous concentrations followed by 
Tween 20 and Triton X100 (Table 6.3). However, both Tween 80 and Triton X100 had a 
detrimental effect on dechlorination. Dechlorination ceased following the addition of 
either Triton X100 or Tween 80. The surfactants apparently slowed down the 
dechlorination with an additional lag phase of approximately 3 days before 
dechlorination proceeds (Figure 6.3). As for surfactant Tween 20, it successfully 
increased the initial PCP aqueous concentrations to about 33 µM, the kinetic rate was still 
slower as compared to the positive control (Table 6.4). At even higher surfactants 
concentration (1 g/L), dechlorination ceased completely for all the tested surfactants. As 
for the case of methanol addition (1.0%), there is a slight increased in PCP aqueous 
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concentrations (7 %) but with no significant difference in the dechlorination rate (Table 
6.2). Meanwhile, it was found that fermentation activity was unaffected by the addition of 
methanol or surfactants (Table 6.3).  
























Figure 6.5 Effect of co-solvent and surfactants on the concentration of PCP in the 
aqueous phase and its degradation rate. Note: methanol concentration was 1.0 % 
(v/v) and surfactants concentrations were 200 mg/L. Error bars represent the 
standard deviation of 2 sets of experiments 
 
Lastly, effect of high PCP loads on dechlorination rate was investigated. In the PCP 
loading rate experiment, the initial and average specific PCP degradation kinetics 
decreased only at dosed PCP concentrations above 75 µM (Fig 6.3A) and thus at 37.6 
µM PCP, substrate inhibition due to PCP was unlikely to set in and thus could not  





6.3.5 PCP inhibit 2,4,6-TCP dechlorination 
PCP inhibition on 2,4,6-TCP dechlorination could be due to competitive inhibition effect 
between PCP and 2,4,6-TCP for the same dechlorination enzymes or differences in 
energy yield from the metabolism.  
 
The first hypothesis was tested by comparing the individual adsorption behaviour of 
2,4,6-TCP and PCP on an unacclimated acidogenic sludge to their adsorption behaviour  
when both chlorophenols were present together. PCP was found to be preferentially 
adsorbed as compared to 2,4,6-TCP. There was a 35 % reduction in the amount of 2,4,6-
TCP adsorbed in the presence of PCP (Figure 6.6). However, PCP adsorption capacity 
itself was not affected in the presence of 2,4,6-TCP.  





































Figure 6.6 Preferential adsorption of PCP in the presence of 2,4,6-TCP 
 
Secondly, with regards to the potential energy yield, the yield from PCP to 3,4,5-TCP is 
approximately 17 kJ/mol higher as compared to 2,4,6-TCP to 4-CP (Figure 6.7). 
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Although the gain is not huge, it still could have meant that the dechlorinating bacteria 
may prefer to dechlorinate PCP as compared to 2,4,6-TCP in order to obtain a higher 
energy yield.  
 


















Figure 6.7 Higher Gibbs free energy yield from PCP to 3,4,5-TCP as compared to 
2,4,6-TCP to 4-CP 
 
6.4 Discussion 
The stepwise reduction in pH from neutral to the acidic condition was key in the 
acclimation process. In this study, the same strategy was also adopted. However, the 
results suggested that PCP was not dechlorinated under such startup procedure. Instead 
only when an acidogenic sludge that had been acclimated to 2,4,6-TCP could 
dechlorinate PCP to 3,4,5-TCP.  This implied that PCP is not suitable as an inducer 
probably due to its toxicity on the acidogenic process. A less toxic compound was 
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required to initiate the dechlorination process before a more inhibitory compound like 
PCP can be dechlorinated. This had also been observed in studies on PCP degradation 
under neutral pH anaerobic condition. Desulfitobacterium dehalogenans can only 
degrade PCP at the ortho position when induced with less toxic chlorophenols (2,4,6-TCP, 
2,4-DCP and 2,3-DCP), but PCP by itself was not able to induce dechlorination (Utkin et 
al. 1995). The result also suggested startup of an acidogenic reactor with an actively 
dechlorinating acidogenic sludge may be necessary before receiving the actual PCP–
contaminated wastewaters as opposed to attempting to acclimate an acidogenic sludge to 
PCP from onset.   
  
During the period this study (6 months), 3,4,5-TCP was the final metabolite. Since earlier 
results had suggested ortho position dechlorination can be induced by a less toxic form of 
ortho position chlorophenol, there can be possibility of inducing meta position 
dechlorination by meta position chlorophenols. Pure culture studies of 
Desulfitobacterium frappieri PCP-1 have also suggested that meta/para position 
dechlorinating activity can be induced by 3,5-DCP (Dennie et al. 1998). As such, various 
meta position chlorophenol were investigated  (2,3,6-TCP, 2,3,4-TCP, 3,4,5-TCP and 
3,5-DCP) in attempt to induce meta/para dechlorinating activity. Contrary with prediction, 
meta position chlorophenol remain undegraded. However, the possibility of meta 
dechlorination cannot be ruled out as a study has reported a much longer acclimation time 
(>14 months) was needed before meta dechlorination could proceed (Magar et al. 1999). 
Study of PCP dechlorination by Desulfomonile tiedjei DCB-1 also found that the meta 
dechlorination of PCP only occurred when induced by 3-chlorobenzoate; but not by 
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another meta position chlorophenol, 3-CP (Mohn and Kennedy 1992). Hence, the choice 
of inducer is critical in order to achieve full dechlorination. The acidogenic process in 
this study had failed to dechlorinate at the meta position within the time allocated for this 
study.  
 
Piringer and Bhattacharya (1999) findings were compared with the results from this study 
to determine the reason of their failure to dechlorinate PCP in the former (Table 6.5). The 
reasons can be attributed to the following: 1) the lack of an appropriate inducer for PCP 
dechlorination, due to inhibitory effect of PCP when it is first introduced into the 
acidogenic system, and 2) insufficient concentration of biomass in the chemostat to 
sustain dechlorination even when induced. The calculated PCP to MLVSS ratio in 
(Piringer and Bhattacharya 1999)’s study ranged from 78 - 266 µmoles/g which may be 
too high and causing toxicity to the acidogenic biomass as compared to 3.5 to 4.2 
µmoles/g in current study. The use of chemostat did not allow efficient retention of 
biomass in the system (MLVSS of 79 -270 mg/L). The SBR system, in contrast, was 
effective in retaining high amount of biomass and the reduced PCP to MLVSS ratio will 
greatly reduce the potential inhibitory effect of PCP on to the acidogenic sludge. 
 
Table 6.5 Comparison of the protocol of Piringer and Bhattacharya (1999) and this 
study   
 Reactor Compound SRT (d) 
MLVSS
(mg/L) pH Lag phase (d)
 
Piringer and 
Bhattacharya (1999)  Chemostat PCP 1.5 79 - 270 6.0 
Compound 
not degraded 
This study SBR PCP 20 -30 4500 – 5400 5.6 - 6.1 35 - 45
 a
Note: a lag phase include the initial acclimation phase to 2,4,6-TCP. 
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Performance of the acidogenic process in degrading PCP was compared to the 
conventional anaerobic process. It was found that the maximum specific PCP loading 
achieved (0.5 µmoles/ g MLVSS.d) for such acidogenic degradation was much less than 
the conventional anaerobic process which typically ranged from 6.5 to 54.8 µmoles/ g 
MLVSS.d (Hendriksen et al. 1992; Wu et al. 1993). The PCP dechlorination rate was also 
noted to be much slower under acidogenic condition as compared to the methanogenic 
condition.  
 
Initially, it was thought that the slow PCP kinetics compared to 2,4,6-TCP dehclorination 
(Chapter 5) was due to the low initial substrate concentrations which according to the 
Monod’s equation would limit the substrate utilization rate. Cosolvent and surfactants 
were added to enhance the initial PCP concentrations to test this hypothesis (Christofi 
and Ivshina 2002). With the addition of sufficient amount of cosolvent (1.0 %) and 
surfactants (200 mg/L), the aqueous concentration of PCP increased. However, with the 
increase in PCP, the biodegradation kinetics in the case of methanol addition remained 
the same. For surfactant, Tween 20, the increase in PCP aqueous concentration did not 
lead to faster degradation but instead led to a lower degradation rate. As for Tween 80 
and Triton X100, they were inhibitory to the dechlorination process. The surfactants 
could have disrupted the chlorophenol reductases that were often located at the 
membrane cell wall of the dechlorinating bacteria (van de Pas et al. 1999). The other 
reasons could be that the increased PCP in the aqueous phase was a PCP-micelle complex 
(Guha and Jaffe 1996) and thus was not readily available for reduction. The inhibitory 
effect by the surfactants was unlikely due to lack of electron donors in the system as the 
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fermentation activity had not been affected. With the initial specific PCP degradation 
kinetics starting to decrease only at dosed PCP concentrations above 75 µM,  and with 
initial PCP aqueous concentrations of 26 µM, the dechlorination still took approximately 
7 days where for similar amount of 2,4,6-TCP (25 µM) (Chapter 5), only 8 hrs was 
needed for almost 99 % dehclorination. Hence, it is concluded the slow kinetics as 
compared to 2,4,6-TCP dechlorination was not due to the initial PCP concentrations  
 
The next likely reason for the slow kinetics could be due to the incomplete reductive 
dechlorination of PCP and the metabolites produced might be inhibitory to the 
dechlorination process. Typically, in the anaerobic process where a high removal rate was 
reported (Wu et al. 1993; Kennes et al. 1996; Yang et al. 2008), PCP was found to be 
completely mineralized to CH4 and CO2. In contrast, partial dechlorination of PCP in 
anaerobic system had tended to lead to lower removal efficiency due to the competitive 
effect between PCP and its own metabolites for the same dechlorinating enzymes (Magar 
et al. 1999). Furthermore, some of the metabolites produced are inhibitory to the 
dechlorination process. Madsen and Aamand (1992) had reported 3,4,5-TCP at 
concentration above 40 µM will inhibit the dechlorination process and at concentration of 
100 µM, it will inhibit the propionic acid and iso-buytric acid production by 50 %. Stuart 
and Woods (1998) reported that 3,4,5-TCP concentration as low as 6 µM causes 
dechlorination to decrease. In this study, the average 3,4,5-TCP effluent concentration in 
the mother reactor typically ranged from 25 µM to 42 µM. With such high 3,4,5-TCP 
concentrations, it could be a possible reason for affecting PCP dechlorination rate.  
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Lastly, PCP inhibition on 2,4,6-TCP dechlorination was likely due to the more 
hydrophobic PCP out competing 2,4,6-TCP for the degradation sites and prevent 2,4,6-
TCP access (Magar et al. 1999; Cornish-Bowden 2004). As majority of the chlorophenol 
reductases were found on the external membrane of the dechlorinating bacteria (van de 
Pas et al. 1999), rapid access to the limited degradation site is the key to faster 
dechlorination. With similar chemical structure, bonding between both substrates and 
enzymes are therefore often linked to sorption in which the enzymes would favour the 
more hydrophobic substrate. This inhibition mechanism differ from the substrate 
inhibition mentioned earlier where high substrate loading can cause Haldane type of 
inhibition (Ning et al. 1997; Cornish-Bowden 2004). PCP inhibition on 2,4,6-TCP 
dechlorination has important implication on the operation of an acidogenic reactor. In 
situation where wastewaters contain various forms of competing chlorophenol isomers, it 













This study has demonstrated the possibility of PCP dechlorination under acidogenic 
conditions. PCP can only be dechlorinated by an acidogenic sludge that had been 
acclimated with a less toxic form of chlorophenol. This implied startup of an acidogenic 
reactor intended for PCP degradation would need 2,4,6-TCP acclimated acidogenic 
sludge. While the dechlorination kinetics may not be as favourable as compared with the 
anaerobic process, the acidogenic pre-treatment could still act as an effective biological 
absorbent in situation of PCP overloads and reduce the PCP load before the more 


















Conclusions and Recommendations  
The main goal of this study was to investigate the possibility of reductive dechlorination 
under acidogenic condition in order to circumvent the problem of chlorinated compounds 
inhibition on methanogenesis in a 2-phase anaerobic system. The scope of the study 
included determining the factors or conditions which governs reductive dechlorination for 
CCl4, 2,4,6-TCP and PCP under acidogenic condition, elucidation of possible 
mechanisms of dechlorination and finally, understanding the adsorption behaviour of the 
chlorinated compounds if they were not degraded. This chapter summarizes the results of 
the study (Table 7.1) and discusses their potential implications in actual reactor 
operations. Lastly, some recommendations have been made for future research.  
 
7.1 Major Findings  
The major findings regarding CCl4 and chlorophenols dechlorination can be summarized 
in Table 7.1 
 
7.1.1 Reductive dechlorination under acidogenic condition  
Reductive dechlorination under acidic condition was proven to be possible for CCl4, 
2,4,6-TCP and PCP. This is contrary to current understanding where reductive 
dechlorination could not proceed or was inhibited at acidic condition. Whether the 
chlorinated compounds can be dechlorinated under acidic condition depended strongly on 








Table 7.1 Comparison of the factors affecting reductive dechlorination of CCl4, 2,4,6-TCP and PCP                                            
under acidogenic condition 












































20 – 80 % 68 - 135 7 days 21 - 30 96 





7.1.2 Different dechlorination mechanism for CCl4 and chlorophenols 
Due to their different chemical structures, the dechlorination mechanism for CCl4 and 
chlorophenols differed. Evidence suggested that CCl4 dechlorination was likely via 
cometabolic reaction. Dechlorination could proceed without acclimation; dechlorination 
process could only proceed simultaneously during the fermentation of glucose. 
Dechlorination slowed down at low P/C ratio (Table 7.1). Other organics such as butyrate, 
acetate, pyruvate and lactate which are known electron donors for dechlorinating bacteria 
cannot sustain dechlorination. 
 
2,4,6-TCP and PCP, under similar testing condition with CCl4, could not be dechlorinated 
as discussed in Chapter 3. Instead, successful dechlorination required strict adherence to a 
stepwise reduction in pH during the acclimation process before dechlorination could 
proceed. The acclimation period typically ranged from 3 to 6 weeks. It was likely that a 
special group of microorganisms was enriched during the acclimation process and was 
able to utilize the fermentation products and 2,4,6-TCP or PCP as their electron donors 
and acceptors respectively. In addition, a mean cell residence time of about 20 days was 
required to maintain the dechlorination activity as compared to the shorter mean cell 







7.1.3 Similar dechlorination mechanism for 2,4,6-TCP and PCP 
2,4,6-TCP and PCP had similar dechlorination mechanisms. Dechlorination occurred at 
the ortho position. Both required similar operating conditions in terms of pH and P/C 
ratio. Due to the similarity in the dechlorination mechanism, there was competition 
between 2,4,6-TCP and PCP. PCP, due to its higher hydrophobicity and possible higher 
energy yield, was preferentially absorbed and degraded as compared to 2,4,6-TCP. 
However, PCP dechlorination differs from 2,4,6-TCP in terms of its ability to induce 
dechlorination and its dechlorination rate. Because of the toxicity  of PCP, it was not able 
to induce dechlorination during the startup phase unlike 2,4,6-TCP. PCP dechlorination 
rate was approximately 21 times slower than 2,4,6-TCP dechlorination. This was likely 
due to the inhibition by the PCP degradation metabolites (3,4,5-TCP) on the 
dechlorination process.  
 
7.1.4 Adsorption behaviour of chlorophenols under acidogenic condition  
As induction of chlorophenol dechlorination required a long period of time and at times, 
may not be complete or successful, understanding the adsorption behaviour of the 
undegraded compounds or the metabolites is important. The adsorption of chlorophenols 
under acidogenic condition was governed primarily by physio-chemical processes. pH 
and hydrophobicity of the chlorophenols were the controlling factors in the extent of 
adsorption. pH affected both the molecular structure of chlorophenol and the surface 
charge of the acidogenic biomass. Having the acidogenic process at acidic condition (5.0 
- 6.0) enhanced the adsorption removal of chlorophenol. In situations where chlorophenol 
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could not be degraded, the acidogenic process was still able to reduce the loadings of 
chlorophenol effectively by adsorption.     
7.2 Conclusions and Implications  
This study has proven that acidogenic pre-treatment of chlorinated compounds (CCl4, 
2,4,6-TCP and PCP) was effective in reducing the chlorinated compounds loads on a 
subsequent downstream process. The acidogenic process was found to be less sensitive to 
the inhibitory effects of the chlorinated compounds as compared to the conventional 
anaerobic process. This was achieved through a combination of adsorption and reductive 
dechlorination mechanisms. The “desired” reductive dechlorination can be easily induced 
within a period of 14 to 50 days with a proper startup procedure and operating condition 
In situations where reductive dechlorination cannot be induced, the acidogenic process 
was still able to absorb the chlorinated compounds and remove it from the wastewater 
stream. However, the optimum operating conditions for CCl4 and chlorophenols 
dechlorination differed and in some instances, even contradictory. An example is the 
primary organics to chlorinated organics ratio for optimum dechlorination. Thus, during 
the design of an acidogenic reactor for wastewaters containing a wide range of 
chlorinated compounds, the designers would have to compromise and calibrate the design 
for a particular class of chlorinated compounds. Additional downstream processes may 






7.3       Recommendations 
During the course of this study, several questions remained unanswered. First, is the 
distinction between cometabolic and chlororespiration. There is no conclusive evidence 
on whether chlorophenol dechlorination had been via cometabolic reaction or 
chlororespiration. Effort were made to enrich and isolate the 2,4,6-TCP dechlorinating 
bacteria under acidogenic condition during this study. However, after nearly 18 months, 
the identification, enrichment and isolation of these novel dechlorinating bacteria 
remained elusive. Microcosm studies suggested the presence of 2,4,6-TCP dechlorinating 
bacteria. However, during the enrichment process, there was no suitable selection process 
that could separate the dechlorinating bacteria from the non-dechlorinating bacteria. The 
only means of selection was via the dilution to extinction method and agar shake method. 
The dechlorinating bacteria are the minority in the mixed culture - typically ceased to 
exist after 3 to 4 times dilution; whereas the non-dechlorinating bacteria being the 
dominant group existed up to 7 to 9 times dilution. More efforts are needed to identify the 
appropriate selection method for the enrichment. Ultimately, obtaining the isolate would 
allow the hypothesis on whether 2,4,6-TCP dechlorination is via chlororespiration or 
cometabolic reaction to be tested.   
 
Secondly, the factors that can induce meta and para dechlorination of PCP at acidogenic 
condition remains elusive. Data has suggested other forms of meta or para position 
chlorinated aromatic compounds may be needed to induce dechlorination. In addition, 
longer acclimation or enrichment period may be needed to cultivate the “desired” 
dechlorinating bacteria for dechlorination at the meta and para position. Once the full 
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dechlorination of PCP is achieved, the knowledge will be very useful in the development 
of this acidogenic biotreatment technology.  
   
Lastly, study of another class of chlorinated aliphatic compounds – PCE and TCE – on 
the possibility of dechlorination under acidogenic condition will be very useful. As PCE 
and TCE have been found to be dechlorinated either via cometabolic or chlororespiration 
under neutral pH and methanogenic condition, it will be interesting to find out whether 
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A1 Detail calculation of ∆Go at different pH  
Table 1 Values used in the calculation of ∆Go
 
 
Free energy (kJ/mol) Compound Molecular Anion pKa
PCP -112.3 -86.6 4.5 
3,4,5-TCP -86.8 -42.1 7.84 
2,4,6-TCP -104.6 -69.1 6.0 
4-CP -53.1 0.5 9.41 
H2 0 - - 
H+ # -39.83 - - 
Cl- - -131.3 - 
Note: Concentration of PCP, 3,4,5-TCP, 2,4,6-TCP, 4-CP and Cl- are assumed to be 1 M. 
All values were obtained from Dolfing (1992). # Gibbs free energy formation at pH 7.0    
 
a) 2,4,6-TCP dechlorination to 4-CP 
Due to different pKa of 2,4,6-TCP and 4-CP, 2,4,6-TCP and 4-CP will exist in different 
form at different pH. There are total of 4 possible cases for the calculation of ∆Go. They 
are  
1) Case 1: pH < pKa of 2,4,6-TCP – 2.0 
2) Case 2: pKa of 2,4,6-TCP – 2.0 < pH < pH where [2,4,6-TCP-] = [4-CP] 
3) Case 3: pH where [2,4,6-TCP-] = [4-CP] < pH < pKa of 4-CP + 2.0  
4) Case 4: pH > pKa of 4-CP + 2.0 
 















Solving for [H+], pH = 7.7 
 
 152
1) Case 1: at pH < 4.0, 
Both 2,4,6-TCP and 4-CP exist in their molecular form, so there is only 1 governing 
equation.  
2,4,6-TCP + 2H2 = 4-CP + 2H+ + 2Cl-  (1) 
∆Go = -211.1 - 11.38pH 
2)  Case 2: 4. 0 < pH < 7.7, 
It is assumed that the 2,4,6-TCP exist both in its molecular and anionic form; 4-CP only 
exist in its molecular form. Thus there are 2 possible reactions  
2,4,6-TCP + 2H2 = 4-CP + 2H+ + 2Cl-  (1) 
∆G1o = -211.1 - 11.38pH 
 2,4,6-TCP- + 2H2 = 4-CP + H+ + 2Cl-  (2) 
∆G2o = -246.6 - 5.69pH 












+= HTCP α  








3) Case 3: 7.7 < pH < 11.4, 
It is assumed that the 4-CP exist both in its molecular and anionic form; 2,4,6-TCP only 
exist in its anionic form. Thus there are 2 possible reactions  
 2,4,6-TCP- + 2H2 = 4-CP + H+ + 2Cl-  (2) 
∆G2o = -246.6 - 5.69pH 
2,4,6-TCP- + 2H2 = 4-CP- + 2H+ + 2Cl-  (3) 
∆G3o = -193 - 11.38pH 












+= HCP α  
Hence,  ooo GGG 3120 Δ+Δ=Δ αα
 
4) Case 4: at pH > 11.4, 
Both 2,4,6-TCP and 4-CP exist in their anionic form, so there is only 1 governing 
equation.  
2,4,6-TCP- + 2H2 = 4-CP- + 2H+ + 2Cl-  (3) 







b) PCP dechlorination to 3,4,5-TCP 
Due to different pKa of PCP and 3,4,5-TCP, PCP and 3,4,5-TCP will exist in different 
form at different pH. There are total of 4 possible cases for the calculation of ∆Go. They 
are  
1) Case 1: pH < pKa of PCP – 2.0 
2) Case 2: pKa of PCP – 2.0 < pH < pH where [PCP-] = [3,4,5-TCP] 
3) Case 3: pH where [PCP-] = [3,4,5-TCP] < pH < pKa of 3,4,5-TCP + 2.0  
4) Case 4: pH > pKa of 3,4,5-TCP + 2.0 
 















Solving for [H+], pH = 6.17 
 
1) Case 1: at pH < 2.5, 
Both PCP and 3,4,5-TCP exist in their molecular form, so there is only 1 governing 
equation.  
PCP + 2H2 = 3,4,5-TCP + 2H+ + 2Cl-  (1) 







2)  Case 2: 2.5 < pH < 6.17, 
It is assumed that the PCP exist both in its molecular and anionic form; 3,4,5-TCP only 
exist in its molecular form. Thus there are 2 possible reactions  
PCP + 2H2 = 3,4,5-TCP + 2H+ + 2Cl-  (1) 
∆G1o = -237.1 - 11.38pH 
 PCP- + 2H2 = 3,4,5-TCP + H+ + 2Cl-  (2) 
∆G2o = -262.8 - 5.69pH 












+= HPCP α  
Hence,  ooo GGG 2110 Δ+Δ=Δ αα
   
3) Case 3: 6.17 < pH < 9.94, 
It is assumed that the 4CP exist both in its molecular and anionic form; PCP only exist in 
its anionic form. Thus there are 2 possible reactions  
 PCP- + 2H2 = 3,4,5-TCP + H+ + 2Cl-  (2) 
∆G2o = -262.8 - 5.69pH 
 
PCP- + 2H2 = 3,4,5-TCP- + 2H+ + 2Cl-  (3) 
















+= HTCP α  
Hence,  ooo GGG 3120 Δ+Δ=Δ αα
 
4) Case 4: at pH > 9.94, 
Both PCP and 3,4,5-TCP exist in their anionic form, so there is only 1 governing 
equation.  
PCP- + 2H2 = 3,4,5-TCP- + 2H+ + 2Cl-  (3) 
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